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Abstract 

ABCG2 is an ATP binding cassette (ABC) transporter that is involved in multidrug 

resistance, particularly anti-cancer drugs such as methotrexate and mitoxantrone. 

Distinguishing between substrates and inhibitors is important for rational design of 

drugs that won’t be transported by ABCG2 and inhibitors that prevent transport of 

existing ABCG2 substrates. In this project, the hypothesis being proposed is that 

ligands with a higher affinity for ABCG2 act as inhibitors and the transient 

conformational changes required for transport do not occur. Whereas transported 

substrates have a lower affinity for ABCG2 and the conformational changes can 

occur. Therefore, if the affinity for a widely used inhibitor, Ko143, was reduced, 

would it become a substrate that is transported by ABCG2? A series of mutants 

(T435A, N436A, F439A, S440W, M549E, A397S/V401A/L539A and 

L405A/I543A/V546A) were designed using cryo-EM structures of ABCG2 bound to 

MZ29 (a Ko143 analogue) and mutational studies of substrate transport. The aim 

was to reduce affinity of ABCG2 for Ko143. All mutant proteins, except M549E, were 

successfully expressed in HEK293T cells and trafficked to the cell membrane. Using 

flow cytometry, cellular accumulation of fluorescent Ko143 derivatives (Ko143-Cy5 

and Ko143-X-BY630) was measured which indicates whether they are exported by 

ABCG2 or not. Ko143-Cy5 fluorescence was significantly higher in WT-ABCG2 

expressing cells compared with the untransfected control and the other ABCG2 

mutants, except for A397S/V401A/L539A. Ko143-X-BY630 showed a similar pattern 

but without significance. The reduction in cellular accumulation of the fluorescent 

Ko143 derivatives in the mutants could be caused by the reduced affinity leading to 

ABCG2-mediated transport or increased diffusion out of the cell. Transport of Ko143-

Cy5 or Ko143-X-BY630 cannot be ruled out but it is not detectable in this 



 iv 

experiment. Consideration of the data in this thesis alongside emerging structural 

and functional data from other laboratories will continue to shed light on the 

interaction of substrates and inhibitors with ABCG2. 
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Chapter 1 Introduction 

1.1 Membrane transporters 

All forms of life have a lipid membrane of some sort to contain their molecular 

components to allow biochemical reactions to take place. Without membranes, the 

compartmentalisation necessary for the vast majority of cellular processes cannot 

occur. Archaea, bacteria and eukaryotes have lipid bilayers which act as a barrier so 

that what enters and exits the cell can be controlled. In eukaryotic organisms, 

different cellular processes are facilitated and regulated by their spatial separation in 

organelles.  

Integral membrane proteins have sections that are inserted into the cell membrane 

and can perform a variety of roles (Figure 1.1). For example, flippases and floppases 

can alter the shape and lipid composition of the cell membrane by transferring lipids 

from the inner layer to the outer layer or vice versa. Receptors such as G-protein 

coupled receptors (GPCRs) can aid in the communication between cells, for example 

by triggering signalling cascades when a signal molecule binds. Transporter and 

channel proteins control what enters and exits the cell or organelle. This can include 

transport of charged ions, for example cystic fibrosis transmembrane conductance 

regulator (CFTR) exports Cl- from endothelial cells to control mucus consistency and 

in neurons Na+ influx can trigger an electrical impulse. Larger molecules such as 

peptides, amino acids, nucleotides and phospholipids can also be transported. 

Transporters can also have a protective effect by exporting potentially harmful 

xenobiotics back into the lumen of the gastrointestinal tract or away from the foetus 

when expressed in the placenta (Horsey et al., 2016). This is the role of the 

membrane transporter, ABCG2, studied in this thesis. 
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Figure 1.1 Schematic of the cell membrane. The lipid bilayer (blue spheres and 
tails) contain different types of membrane proteins involved in signalling, enzymology 
and substrate flux. Image retrieved from (Zhang et al., 2020) 

 

1.1.1 Facilitated diffusion vs active transport 

Some molecules can cross the cell membrane unaided because they are small and 

hydrophobic so can easily diffuse through the hydrophobic lipid bilayer. Movement of 

these molecules occurs down the concentration gradient, from a more concentrated 

cytosol to the less concentrated extracellular space, or vice versa. More polar 

compounds (e.g. water) or ions (e.g. Na+ or H+) cannot diffuse across the cell 

membrane without the help of channels or carrier proteins by facilitated diffusion. 

These proteins selectively facilitate the diffusion of chemical entities through a more 

suitable chemical environment. Flux can be controlled, for example voltage gated 

Na+ channels undergo conformational changes to open the channel when membrane 

depolarisation occurs (de Lera Ruiz and Kraus, 2015). 

Active transport can be against a concentration gradient and the transported 

compound is “pumped” in or out of the cell. An important step in the transport cycle of 

primary active transporters is ATP hydrolysis, which provides the energy for 

movement against the concentration gradient. An example of proteins that perform 

active transport are ATP-binding cassette (ABC) transporters which are described in 
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more detail below. The subject of this project, ABCG2, is part of this family of 

proteins. The true substrate of active transport proteins is ATP because its hydrolysis 

to produce ADP and Pi is catalysed by the transporter protein, however, in this thesis, 

the substrate will refer to the transported compound as opposed to an inhibitor of the 

pump. 

1.1.2 ATP-binding cassette transporters 

The ABC family of proteins are mostly membrane proteins: in humans ABCA, ABCB, 

ABCC, ABCD and ABCG subfamilies are membrane associated but ABCE and 

ABCF are not (Kerr et al., 2011). The basic structure of an ABC transporter is two 

nucleotide binding domains (NBDs) and two transmembrane domains (TMDs), 

however some ABC transporters, named “half-transporters”, must dimerize in order 

to achieve this formation. The NBDs are highly conserved, even between eukaryotic 

and prokaryotic transporters of otherwise unrelated function. They contain several 

motifs that are essential for ATP-hydrolysis, which is what drives the active transport. 

Figure 1.2 shows that the P loop (or Walker-A motif) from one NBD and the LSGGQ 

motif (or C-loop) from the other NBD contact the nucleotide, resulting in two ATP 

molecules bound at two separate points along the NBD:NBD interface (Jones and 

George, 1999, Hollenstein et al., 2007). The Walker-B motif contains a catalytic 

glutamate which is capable of performing a nucleophilic attack on ATP via a water 

molecule (Hollenstein et al., 2007). The TMDs, which span the cell membrane, are 

less conserved and relate more to the specificity for the transport substrate and 

perform conformational changes required for substrate transport. TMDs contain a 

coupling helix (black helices, Figure 1.2) that contact the NBD (Q loops) to couple 

ATP hydrolysis to the conformational changes required for substrate transport 
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(Hollenstein et al., 2007). ATP binding and hydrolysis is coupled to inward and 

outward facing conformations of the transporter TMDs which in the case of exporters, 

allows binding of substrate on the intracellular side and release on the extracellular 

side (Hollenstein et al., 2007, Manolaridis et al., 2018).  

 

Figure 1.2 The NBDs of the ABC transporter Sav1866. The NBDs of Sav1866 
crystallised with bound AMP-PNP, a non-hydrolysable ATP analogue, shown in stick 
representation. There are 2 bound AMP-PNP molecules per NBD dimer. The NBDs 
are shown as if looking down from the membrane. The 2 NBDs are in green and 
yellow and mechanistically important sequence motifs are shown with single letter: 
red P (P-loop), yellow B (Walker-B motif), purple Q (Q-loop), blue C (LSGGQ or C-
loop. Bound AMP-PNP is shown as grey sticks and coupling helices from the TMDs 
are the short black helices. Figure adapted from Hollenstein et al. (2007) 

 

1.2 ABCG subfamily 

1.2.1 Overview 

The ABCG subfamily is part of the ABC family of proteins and the 5 members of this 

subfamily all share a common ancestral gene. Besides the conserved ABC motifs, 

there is very little protein sequence homology between the ABCG proteins, except 

G1 and G4 which have 72% homology (Kerr et al., 2011). This plays down to the 
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TMDs being largely non-conserved, for substrate selectivity (Hollenstein et al., 2007). 

The ABCG family all transport lipids and, with the exception of ABCG2, have a 

narrower functionality than other ABC subfamilies (Kerr et al., 2011, Kerr et al., 

2021). All ABCG proteins are half-transporters because they only consist of one TMD 

and one NBD which requires them to at least dimerize to function. This is so that the 

ATP binding site can form at the interface between two NBDs (section 1.1.2). ABCG5 

and ABCG8 form an obligate heterodimer to complete this binding site whereas 

ABCG2 homodimerises but higher order oligomeric structures have been observed 

(Wong et al., 2016, Kerr et al., 2011). ABCG1 and ABCG4 can homodimerise but 

have also been shown to heterodimerise with each other in vitro (Hegyi and 

Homolya, 2016).  

ABCG1 has widespread expression and is located in the brain alongside ABCG4 and 

both contribute to cholesterol and desmosterol efflux to high-density lipoprotein 

(HDL) from astrocytes (Wang et al., 2008). ABCG5/G8 is involved in limiting 

absorption of dietary sterols by localising in the apical membranes of hepatocyte 

canaliculi and gall bladder epithelial cells. ABCG2 has a broad specificity, having a 

wide range of substrates structurally unrelated to each other. This is useful in its 

protective role against xenobiotics (Kerr et al., 2011). Its function, structure and 

mechanism are described in more detail below. 

1.2.2 ABCG2 function and clinical implications 

ABCG2 is an important protein to study because of its role in multidrug resistance. Its 

natural role as a defence against environmental toxins means that some drugs fall 

victim to this multidrug pump. Expression of ABCG2 on apical membranes of 

epithelial cells of the gastrointestinal tract, liver canalicular membranes and the apical 
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membrane of proximal tubular cells in the kidneys, contributes to limiting absorption 

and promoting excretion of xenobiotics (Horsey et al., 2016). Expression in placental 

syncytiotrophoblasts and in mammary glands have contradictory roles, with ABCG2 

pumping xenobiotics away from the foetus and into milk respectively. Along with 

reduced uptake and increased excretion, ABCG2 contributes to the failure of some 

anti-cancer drugs by its overexpression in cancer cells. ABCG2 expression has been 

linked to poor outcome in acute myeloid leukaemia, diffuse large B-cell lymphoma, 

and lung and oesophageal cancer (Horsey et al., 2016). Overexpression of ABCG2 

has also been found in other cancer cells exhibiting a multidrug resistance 

phenotype, including topotecan-selected ovarian tumour cell line T8 and gefitinib-

resistant non-small cell lung cancer (NSCLC) cells (Mo and Zhang, 2012). This is 

why it is so important to study ABCG2 further, to be able to design drugs that won’t 

be exported by this multidrug transporter. Drugs that have been shown to be 

transported by ABCG2 include: methotrexate, mitoxantrone, pheophorbide A, 

topotecans, flavopiridol, imatinib, gefitinib, nilotinib and others (Homolya et al., 2011, 

Volk and Schneider, 2003, Kapoor et al., 2018, Robey et al., 2005). Multidrug 

resistance is caused because ABCG2 limits absorption, increases excretion and 

lowers cellular concentration of these drugs. An endogenous substrate is urate and 

successful transport by ABCG2 leads to urate excretion. A naturally occurring single 

nucleotide polymorphism, rs2231142, which results in Q141K mutant ABCG2, is a 

loss of function mutation causing an increased level of serum urate which is linked to 

hyperuricemia and gout (Woodward et al., 2009). 
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1.2.3 ABCG2 structure and mechanism 

ABCG2 contains one transmembrane domain (TMD), which consists of six 

transmembrane helices (TM1-TM6), and one nucleotide binding domain (NBD), 

which is cytoplasmic (Kapoor et al., 2018). Since two NBDs are required for ATP 

hydrolysis to occur, dimerisation is required for the protein to be functional. Higher 

forms of oligomerisation, such as tetramers, have been observed, although the 

physiological relevance is unclear (Wong et al., 2016). In the TM5-TM6 extracellular 

loop region (Figure 1.3) there is an intramolecular disulfide bond (C592 and C608), 

an intermolecular disulfide bond (C603 from each monomer) and a glycosylation site 

(N596) (Diop and Hrycyna, 2005, Henriksen et al., 2005, Kapoor et al., 2018). The 

mutation of C603 does not prevent surface expression of the protein or affect its 

function so presumably the C603 inter-molecular disulfide bond just has a small 

stabilising effect. However, mutation of C592 or C608 did impact stability and 

trafficking of ABCG2 to the cell membrane (Henriksen et al., 2005). Mutation of N596 

prevents glycosylation which leads to increased ubiquitin-mediated proteasomal 

proteolysis (Nakagawa et al., 2009). 
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Figure 1.3 ABCG2 topology and structure. (A) Schematic representation of the 
topology of ABCG2 within the cell membrane. The transmembrane helices 1-6 (TM1-
TM6) are shown in different colours. Key residues for intramolecular (C592 and 
C608) and intermolecular (C603) disulfide bonds and glycosylation (N596) are 
shown. (B) Cartoon representation of the ABCG2 dimer from PDB 6ETI (Jackson et 
al., 2018). TM1-6 are the same colours as in A. Rotation by 90° gives a clearer view 
of the “access site” which is surrounded by TM2, TM3 and TM6b. The bottom right 
panel shows the “leucine plug” (L554, red), cavity 1 and cavity 2. Figure taken from 
(Kapoor et al., 2018). 

 

There are multiple binding sites for substrates, shown in Figure 1.3. The main site 

that the substrate binds to before being transported is cavity 1, which is located 

between the two ABCG2 monomers and surrounded by TM2 and TM5 (László et al., 

A 

B 
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2016). Cavity 2 is on the extracellular side of ABCG2 and is the final binding site 

before the substrate is released into the extracellular space. Cavity 1 and cavity 2 are 

separated by a “leucine plug” which consists of L554 from each ABCG2 monomer 

and blocks movement of the substrate into cavity 2 before conformational changes 

occur (Taylor et al., 2017). Both these cavities are described by structural biology 

data (see below). A third binding site, referred to as the “access site” and predicted 

by mutagenesis studies and molecular modelling, is located between TM2, TM3 and 

TM6 and includes the residue R482 which has been linked to substrate specificity 

(Kapoor et al., 2018). The R482G mutation leads to broader substrate specificity, 

with drugs such as doxorubicin, daunorubicin and rhodamine 123 becoming 

transported when they otherwise would not (Ozvegy-Laczka et al., 2005, Tamura et 

al., 2007). Another substrate binding site (not shown) has also been predicted by 

molecular docking (László et al., 2016). 

In recent years, cryo-EM structures have become available which has helped 

elucidate the structure and mechanism of ABCG2. The first was published by Taylor 

et al. (2017), which showed ABCG2 locked in an inward facing conformation by an 

inhibitory anti-ABCG2 antibody, 5D3, on the extracellular side. The NBDs did not 

interact to form the “ATP sandwich dimer” as no nucleotide was bound (as described 

in Figure 1.2) but were still in contact through a novel ABCG-family specific 

NBD:NBD interaction surface, consistent with other inward facing structures 

(Manolaridis et al., 2018, Jackson et al., 2018). Manolaridis et al. (2018) solved two 

further structures of ABCG2: the E211Q mutant (ABCG2E211Q) bound to either the 

transport substrate estrone 3-sulfate (E1S) or to the catalytic substrate ATP. This 

helped shed light on the mechanism of transport by ABCG2. As seen in Figure 1.4, 

the E1S-bound ABCG2E211Q adopts an open, inward facing conformation with the 
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substrate located in cavity 1. The ATP-bound ABCG2E211Q shows a closed, outward 

facing conformation, where cavity 1 is completely closed, forcing the substrate 

towards cavity 2 and then the substrate is released on the extracellular side. The 

NBDs in this structure do dimerise in the classical fashion (Figure 1.2) with ATP-

bound at the interface (Manolaridis et al., 2018). This structure is consistent with the 

idea that conformational change and transport of substrate occurs on ATP binding 

and not on ATP hydrolysis, as previously predicted by radioligand binding studies 

(McDevitt et al., 2008). ATP hydrolysis likely resets the inward facing conformation 

(Manolaridis et al., 2018). 

 

Figure 1.4 Mechanism of substrate transport by ABCG2. Cartoon representation 
of E1S (substrate)-bound (left, PDB 6HCO) and ATP-bound (right, PDB 6HBU) 
ABCG2E211Q. ABCG2E211Q monomers are displayed in blue and orange. Figure taken 
from Manolaridis et al. (2018). 
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1.2.4 Inhibitors 

Inhibitors of ABCG2 prevent transport of substrates and therefore increase their 

cellular accumulation. This would also apply to drug molecules which are substrates, 

helping prevent multidrug resistance. There are currently no clinically available 

ABCG2 inhibitors but Ko143 is widely used in research. Ko143 is derived from a 

fungal toxin, fumitremorgin C (FTC), which is highly neurotoxic. Ko143 is more potent 

and less toxic, although still not clinically utilisable (Allen et al., 2002, Toyoda et al., 

2019). Jackson et al. (2018) published the only current structures of ABCG2 bound to 

inhibitors: MZ29 (PDB 6ETI) and MB136 (PDB 6FEQ). MZ29 is a Ko143 derivative 

and binds to cavity 1, just as substrates do (Figure 1.5). Two MZ29 molecules bind 

between TM1b and TM2 of one monomer and TM5a of the other and vice versa. This 

was concordant with data indicating that a 2:1 inhibitor:ABCG2 molar ratio was 

required for full inhibition of ATPase activity (Jackson et al., 2018). The larger MB136 

binds in the same location but only one molecule fits in cavity 1 and a 1:1 ratio is 

sufficient for maximum inhibition (Jackson et al., 2018). Since stable electron 

densities were found for these inhibitors in absence of the stabilizing antibody, 5D3, 

transport of these molecules is minimal. Binding of other inhibitors, such as 

febuxostat and elacridar, has not been structurally determined so it is unclear 

whether they inhibit allosterically (i.e. at a site distinct from cavity 1) or orthosterically 

(i.e. at cavity 1)(Toyoda et al., 2019).  
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Figure 1.5 Structure of inhibitor-bound ABCG2. (A) Cartoon representation of the 
ABCG2 homodimer from PDB 6ETI. MZ29 (green sticks), a Ko143 derivative, is 
bound between the two ABCG2 monomers (pink and blue) in cavity 1. (B) Rotated 
(45°) view of the bound MZ29 molecules (green sticks) with their electron microscopy 
density (blue). The dotted line represents the two-fold symmetry axis. Both A and B 
were retrieved from Jackson et al. (2018). 

 

1.3 Project aims 

Distinguishing the features of ABCG2 inhibitor binding from features of ABCG2 

substrate binding would be an important step in tackling multidrug resistance. The 

aim of this project is to use the cryo-EM structures of inhibitor-bound ABCG2 to 

identify key residues involved in inhibitor binding. Then relevant mutations of ABCG2 

will be made and assessed for whether the mutations prevent inhibition or even 

transforms the inhibitor into a substrate.  

A B 
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Chapter 2 Materials and Methods 

2.1 Materials and reagents 

All molecular biology reagents were purchased from New England Biolabs (NEB, 

Hitchin, UK) and Promega (Southampton, UK), unless stated otherwise. The primers 

for site directed mutagenesis were ordered from Sigma-Aldrich (Poole, UK). All other 

cell culture materials and reagents, except Zeocin™ (Invitrogen) and 

polyethyleneimine (PEI, Polyscience Inc.), were obtained from Sigma-Aldrich or 

Thermo Fisher Scientific unless otherwise mentioned. 

2.2 Molecular biology 

2.2.1 Site-directed mutagenesis 

Mutations were introduced into a WT-ABCG2 expression vector by performing 

mutagenic polymerase chain reactions (PCR). These were set up using mutagenic 

primers shown in Table 2.1 (0.5 µM), dNTPs (0.2 mM), 

pcDNA™3.1/Zeo(+)_SNAP_ABCG21 template (50ng), Pfu polymerase (1.0-1.5 U), 

and polymerase buffer made up to 50 µL. Denaturation, annealing and elongation 

steps were performed using a SensoQuest Thermocycler and cycled 18 times at the 

temperatures shown in Table 2.2 (with the annealing temperature varied until 

successful amplification was observed). Presence of amplified PCR product was 

confirmed by agarose gel electrophoresis. PCR products were mixed with Gel 

 

1 Zeo(+) refers to presence of a Zeocin™ resistance gene (BleoR). SNAP refers to the SNAP-tag® 
which is a modified alkylguanine DNA alkyltransferase which can specifically and covalently bind to 
benzyl guanine fluorophores as a way of tagging the protein of interest (Tirat et al., 2006). However, 
labelling of ABCG2 was not used in this project. 
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Loading Dye and loaded onto a 1% (w/v) agarose gel which was prepared in TBE 

buffer (10.8% (w/v) Tris, 5.5% (w/v) boric acid, 20 mM Na2EDTA) and contained ~1 

μg/mL ethidium bromide. The resolved gels were then viewed under UV light (using a 

Syngene GeneGenius gel imaging system).  

Table 2.1 Forward primers used in the generation of the mutant ABCG2 
constructs. Codon changes that result in an amino acid change are highlighted in 
yellow, uppercase letters indicate bases that are different from the template and 
lowercase letters identical to the template. The complementary reverse primers are 
not shown but have identical length, Tm and GC. 

Name Sequence (5’-3’) Length 
(bp) 

Tm 
(⁰C) 

GC 
(%) 

T435A cttcttcctgacgGcTaaccagtgtttc 28 68.95 50.0 

N436A cttcctgacgaccGCccagtgtttc 25 71.82 60.0 

F439A gaccaaccagtgtGCcagcagtgtttc 27 71.78 55.56 
S440W caaccagtgtttTTgGagtgtttcagcc 28 70.13 46.43 

M549E ctgttttgtgttCatgGAgattttttcaggtctg 34 72.81 38.24 

A397S/V401A gcctctataTctcagatcattgCcacagtcgtactg 36 74.46 47.22 
L539A ctgtagcaacaGCtctTatgaccatctg 28 65.17 46.43 

L405A gtcacagtcgtaGCgggactggttatag 28 67.79 53.56 

I543A/V546A cttctcatgaccGCctgttttgCCtttatgatgatt 36 77.65 41.67 

 

Table 2.2 PCR thermocycling parameters. Steps 2-4 were cycled 18 times before 
proceeding to step 5, as demonstrated by the arrow. Annealing temperatures were 
varied (50-65 °C) if these standard parameters were unsuccessful. 

Step Temperature (°C) Time (min) Number of cycles 

1. Heat 95 1 1 
2. Denature 95 1 18 
3. Anneal 55 1 18 
4. Extend 72 12 18 
5. Extend 72 10 1 
6. Cool 10 ∞ 1 

 

2.2.2 DpnI digest and transformation 

To remove template DNA, PCR products were digested with DpnI (20 units) for 90 

minutes at 37 °C. The enzyme was then deactivated by incubating at 80 °C for 20 

min. DpnI digested-PCR product was transformed into DH5α competent E. coli. First 

100 µL of DH5α cells were thawed on ice and 5 µL of the DpnI digested PCR product 

was added. The competent cell mixture was then incubated on ice for 1 hour, heat 
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shocked at 42 °C for 1 min, and then placed back on ice for 2 min. The cells were 

then supplemented with 250 µL Luria-Bertani (LB) medium (1% (w/v) tryptone, 1% 

(w/v) NaCl, 0.5% (w/v) yeast extract) and shaken at 37 °C for 1 hour. All 350 µL was 

subsequently spread onto LB-agar plates (1.5% (w/v) agar, 100 µg/mL ampicillin) 

and incubated overnight at 37 °C. 

2.2.3 Plasmid preparation 

Single colonies from LB-agar plates were grown overnight at 37 °C with shaking, 

after being picked and inoculated into 5 mL of ampicillin-supplemented (100 µg/mL) 

LB medium. For long-term storage, the resultant bacterial cultures were stored at -80 

°C as glycerol stocks (500 µL of bacterial culture, 500 µL of 30% (v/v) glycerol). The 

remainder of the cultures were centrifuged for 5 mins at ~3000 x g and the 

supernatants were discarded. Plasmid DNA was then extracted from the resulting 

bacterial pellet using a NucleoSpin® Plasmid kit (Macherey-Nagel). The 

manufacturer’s protocol was followed except instead of centrifuging at 11,000 x g, the 

samples were centrifuged at 13,000 x g. 

DNA plasmid concentration and purity were determined using the Nanodrop 2000® 

(Thermo Fisher Scientific). The purity was confirmed by the A260/A280 ratio, where a 

value of >1.7 was deemed acceptable for future transfection. 

2.2.4 Sequencing 

To confirm presence of the desired experimental mutations and absence of other 

mutations, the purified DNA underwent Sanger sequencing. The mutant constructs 

were sent to Source Bioscience (Nottingham, UK) along with the primers shown in 

Table 2.3. The quality of the chromatograms was analysed in Chromas 
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(Technelysium Pty Ltd) and the sequences were aligned with the template sequence 

using BLAST (NCBI) to ensure only the desired mutation was incorporated plasmid 

DNA. 

Table 2.3 Sequencing primers. A series of primers were used to sequence the full 
SNAP-ABCG2 coding region (bases 1026-3543 of the 
pcDNA™3.1/Zeo(+)_SNAP_ABCG2 plasmid). “Region sequenced” refers to the 
minimum region where sequencing data was of a high quality for all mutants. 

Primer name Sequence (5’-3’) Region sequenced (bp) 

T7 promoter (F) TAATACGACTCACTATAGGG 978-1992 

SeqF1 CACAGGTGGAGGCAAATCTT 1935-2852 

SeqF2 GCAGGGACGAACAATCATCT 2361-3310 

Seq482 AACTCTTTGTGGTAGA 3028-3749 

2.3 Cell culture 

2.3.1 Maintenance of cell cultures 

HEK293T cells were grown in T25 (25 cm2) flasks at 37 °C, 5% CO2 in Dulbecco’s 

modified eagle medium (DMEM, 4500 mg/L glucose, L-glutamine, sodium pyruvate, 

and sodium bicarbonate) supplemented with 10% (v/v) foetal bovine serum (FBS) 

and 1% (v/v) penicillin-streptomycin (P/S, 100 U/mL penicillin, 100 µg/mL 

streptomycin). Once cells reached 70-90% confluency based on visual inspection, 

the cultures were passaged (typically twice a week). Media was removed, cells were 

washed once with pre-warmed phosphate buffered saline (PBS) and incubated with 

0.5 mL trypsin/EDTA for 1-3 min. The trypsin/EDTA was then quenched with 4.5 mL 

of DMEM and cells were then detached by repeated pipetting, before being 

centrifuged 225-250 x g for 5 min. The cell pellets were then resuspended in DMEM 

and reseeded at a typical dilution of 1/10. 
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2.3.2 Transfection 

Cells were seeded at 1.25 x 105 cell/mL (determined using a haemocytometer) into a 

6-well plate, ~24 hours prior to transfection. Two hours before transfecting, the media 

was replaced with 5% serum media (DMEM, 5% FBS, 0.5% P/S). Cells were 

transfected using linear polyethyleneimine (PEI) at a molar PEI nitrogen:DNA 

phosphorus ratio of 15:1. Transfection mixtures were made by the addition of 9 µL of 

PEI (from a 10 mM working stock solution) to 2 µg DNA, as described by Cox et al. 

(2018), and were left no longer than 5 minutes before adding 100 µL of media and 

dropwise addition to the HEK293T cells. 24 hours later media was replaced with 10% 

FBS-supplemented media. 

2.3.3 Zeocin™ selection 

Transfected cells were transferred to T25 flasks by trypsinization (described in 2.2.1 

and scaled down appropriately). Flasks contained 5 mL DMEM (10% FBS, 1% P/S) 

and approximately 5 hours later, Zeocin™ was added to total concentration of 200 

µg/mL. Media was changed every 2-3 days and Zeocin™ concentration was 

maintained at 200 µg/mL for several weeks until growth of Zeocin™ resistant 

colonies was observed. Transfected cells expressing sfGFP-ABCG2 were employed 

as a control for Zeocin™ selection. sfGFP tagged proteins were chosen because 

protein expression (fluorescence) could be monitored under an epifluorescence 

microscope without addition of fluorescent reagents. This helped confirm when the 

other cells lines were stably transfected. At this point, Zeocin™ concentration was 

dropped to 40 µg/mL. 
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2.3.4 Epifluorescence microscopy 

Expression of GFP-ABCG2 in pcDNA™3.1/Zeo(+)_sfGFP_ABCG2 transfected 

HEK293T cells was monitored with epifluorescence microscopy. Images were 

obtained using the Zeiss Axiovert S100 microscope and Zeiss AxioCam MRm 

monochrome digital camera and processed with AxioVision version 4.8.2 SP3. 

2.3.5 Long-term storage 

For long-term storage, 80% of cells in a T25 flask were resuspended in 4 mL ice cold 

freezing medium (10% (v/v) DMSO in FBS) and aliquoted into 1 mL cryovials. The 

other 20% were maintained as described in 2.2.1. The cryovials were then frozen 

slowly ( ̴1 °C/min) by storage in a precooled (4 °C) Mr Frosty™ (containing 

isopropanol) in a -80 °C freezer. Frozen cryovials were transferred to liquid nitrogen 

for longer term storage. When needed, cells were rapidly thawed by pipetting up and 

down with warm media, centrifuged at 225-250 x g, resuspended in 5 mL DMEM 

(10% FBS, 1 %P/S) and maintained in a T25 flask as described in 2.2.1. 

2.4 SDS-PAGE and western blotting 

2.4.1 Cell harvesting and lysis 

Cell culture monolayers were washed once with PBS, detached with Trypsin/EDTA 

and centrifuged at 235 x g for 5 minutes (as described in 2.2.1). The pellet was then 

washed once with PBS and stored at -80 °C if not required immediately. Pellets were 

resuspended in 250 µL ice cold lysis buffer consisting PBS supplemented with 10% 

(v/v) glycerol and EDTA-free protease inhibitor cocktail III (Calbiochem, 1:200 

dilution). Cells were then sonicated at 40% output for 4 x 5 seconds, being stored on 

ice for at least 2 minutes between bursts. 
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2.4.2 Protein concentration determination 

To ensure equal protein loading in sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) and western blot analysis, a modified Lowry assay was 

performed. Using a Bio-Rad DC protein assay kit and a standard curve of 0-10 µg 

bovine serum albumin (BSA), total protein concentration of the cell lysates was 

determined. All samples and the standard curve were analysed in duplicate. 

2.4.3 Sample preparation and SDS-PAGE 

SDS-PAGE was performed as described by Laemmli (1970). Equal quantities of cell 

lysate (typically 20-100 μg) were incubated with protein loading buffer (50 mM Tris-

HCl pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 0.1% (w/v) bromophenol blue, 100 

mM 2-mercaptoethanol) at 37 °C for 30 minutes. Resolving gels (10% (w/v) 

polyacrylamide, 0.175% (w/v) SDS, 0.15% (w/v) ammonium persulfate (APS), 0.05% 

(v/v) N,N,N',N'-tetramethylethane-1,2-diamine (TEMED), 375 mM Tris base pH 8.8) 

and stacking gels (4% (w/v) polyacrylamide, 0.175% (w/v) SDS, 0.15% (w/v) APS, 

0.06% (v/v) TEMED, 125 mM Tris base pH 6.8) were prepared before being placed 

in an electrophoresis tank filled with protein running buffer (25 mM Tris Base, 192 

mM glycine, 3.5 mM SDS). Samples were loaded alongside a molecular weight 

marker (Invitrogen™ SeeBlue™ Plus2 Pre-stained Protein Standard) and 

electrophoresed at constant current (30 mA) until loading dye had fully eluted. Gels 

were then either used in a western blot (section 2.4.4) or stained with InstantBlue™ 

by rocking at room temperature for 2 hours. An ABCG2-positive sample was run on 

every gel as a control for the western blots. 
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2.4.4  Western blotting 

Proteins were transferred from the polyacrylamide gel (section 2.4.3) to a 

nitrocellulose membrane by electrophoresis (200 mA, 2 hours, 4 °C) in transfer buffer 

(25 mM Tris base, 192 mM glycine, 20% (v/v) methanol), first described by Towbin et 

al. (1979). Transient staining of the nitrocellulose with Ponceau S solution (0.1% 

(w/v) Ponceau S, 1% (v/v) acetic acid) allowed confirmation of effective transfer of 

proteins. Membranes were washed with PBS-T (0.1% (v/v) Tween-20 in PBS) for 5 

minutes, then incubated with non-fat milk (5% (w/v) in PBS-T) at room temperature 

for 1 hour to prevent antibody from binding to non-specific sites. The blots were 

subsequently incubated with the primary antibody (anti-ABCG2 antibody BXP-21, 

1:2000 dilution in non-fat milk) overnight at 4 °C. Then the blots were washed with 

PBS-T several times over a period of 15-20 minutes to remove any unbound primary 

antibody and then incubated with the secondary antibody (rabbit anti-mouse 

horseradish peroxidase, 1:5000 dilution in non-fat milk) at room temperature for 1 

hour. The 15-20-minute washes were then repeated before incubating with the 

chemiluminescence substrate (SuperSignal™ West Pico PLUS, Thermo Fisher 

Scientific) for 1 minute and imaging with the LAS-3000 mini (Fujifilm). 

2.5 Flow cytometry 

2.5.1 Cell surface expression 

ABCG2-transfected and untransfected HEK293T cells were seeded at 1 x 106 

cells/mL in FACS buffer (0.2-1.0% fatty acid-free BSA in PBS or Hank’s balanced salt 

solution, HBSS) and incubated for 30 mins on ice with 5D3 antibody (1.82-5.00 

μg/mL, Millipore), isotype control (1 μg/mL anti-TRP1, Santa Cruz Biotechnology or 3 

μg/mL mouse IgG isotype control, Invitrogen) or nothing (negative control). Cells 
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were then centrifuged at 350 x g for 5 min at 4 °C and the supernatant was 

discarded. Cell pellets were washed twice by resuspending in FACS buffer and spun 

down at 350 x g for 5 min at 4 °C, twice. Then, the 5D3 and isotype control cells were 

incubated with AlexaFluor647 (5-10 μg/mL goat anti-Mouse IgG (H+L) Alexa Fluor 

647, Invitrogen) in 1 mL FACS buffer for 1 hour on ice. Cells were then centrifuged at 

350 x g for 5 min at 4 °C, the supernatant was discarded and washed twice. Finally, 

cells were resuspended in FACS buffer and fluorescence was measured by flow 

cytometry using the Beckman Coulter Astrios EQ Cell Sorter (channel 640-671/30). 

Data was initially analysed using Kaluza 2.1. Firstly, side scatter height (channel 488-

SSC) was plotted against forward scatter height (channel 488-FSC1) and was gated 

to exclude debris from live cells. Then side scatter height was plotted against side 

scatter area and gated to allow monodispersed cells to be separated from doublets. 

Then a histogram of AlexaFluor647 fluorescence vs number of cells was plotted and 

the gate placed at the edge of the isotype control peak was used to determine 

percentage of positive cells i.e. percentage of cells with more fluorescence with 5D3 

than with the isotype control. 

2.5.2 Transport assay 

ABCG2-transfected and untransfected HEK293T cells were seeded at 1 x 106 

cells/mL in phenol red-free DMEM and incubated at 37 °C, 5% CO2 for 1 hour with 

either DMSO (0.1% (v/v)) or fluorescent derivatives of  Ko143 (2 μM, Ko143-Cy5 or 

Ko143-X-BY630; synthesized by Sarah Mistry, School of Pharmacy, University of 

Nottingham). After the incubation, cells were kept on ice. Cells were then centrifuged 

at 350 x g for 5 min at 4 °C and the supernatant was discarded. Cell pellets were 

then resuspended in phenol red-free DMEM and spun down again at 350 x g for 5 
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min at 4 °C. Finally, cells were resuspended in phenol red-free DMEM and 

fluorescence was measured by flow cytometry using the Beckman Coulter Astrios 

EQ Cell Sorter (channel 640-671/30). Flow cytometry is capable of simultaneously 

measuring ABCG2 function and expression for each cell in suspension. This allows 

the gating out of lower ABCG2-expressing cells when looking at the transport data, 

however, it was not possible in this project. 

Data was gated for monodispersity as in 2.5.1. Then, the median fluorescence of the 

DMSO control was subtracted from the median fluorescence of the fluorescent 

Ko143-treated cells. This removes background fluorescence giving a value for ΔMFI 

(change in median fluorescence intensity). 

∆𝑀𝐹𝐼 = 𝑀𝐹𝐼𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑡 𝐾𝑜143 − 𝑀𝐹𝐼𝐷𝑀𝑆𝑂 

2.6 Monolayer transport assay 

A 96-well plate was pre-treated with poly-L-lysine (10 μg/mL, 100 μL in each well) for 

1 hour, then aspirated and left to dry. Subsequently, 3 x 104 HEK293S cells (HEK293 

cells adapted for growth in suspension (Lin et al., 2014)), expressing WT-ABCG2 or 

not, were seeded. 48 hours later, media was removed and cells were incubated at 37 

°C with either DMSO; substrate (Hoechst 33342) in the presence or absence of 

inhibitor (Ko143 or a fluorescent Ko143 derivative); or a fluorescent Ko143 derivative 

in the presence or absence of Ko143. Concentrations are shown in Table 2.4. After 

45 min, media was removed and cells were incubated with either DMSO (1:1000), 

fluorescent Ko143 derivative (1 μM), or Ko143 (1 μM) as shown in Table 2.4. Then, 

after another 45 min, media was replaced with HBSS. Hoechst 33342 fluorescence 

(excitation 350 ± 10 nm, emission 460 ± 20 nm) and Ko143-X-BY630 fluorescence 

(excitation 620 ± 10 nm, emission 660 ± 20 nm) or Ko143-Cy5 fluorescence 
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(excitation 610 ± 30 nm, emission 675 ± 50 nm) was measured with the CLARIOstar 

microplate reader (BMG Labtech). The CLARIOstar microplate reader measures 

average fluorescence of each well so it is not possible to separate low ABCG2-

expressing cells from higher expressing cells. All dilutions were made with HBSS and 

DMSO concentration was the same in each well. Fluorescent derivatives used above 

were Ko143-X-BY630 or Ko143-Cy5. Data was collected in collaboration with James 

Mitchell-White (Kerr Lab, School of Life Sciences, University of Nottingham). 

Background fluorescence was considered by subtracting the average DMSO 

fluorescence value from each datapoint. 

𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 = 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒𝑅𝑎𝑤 − 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒𝐷𝑀𝑆𝑂 

Where Fluorescence
Raw

 is the Hoechst 33342 or fluorescent Ko143 derivative 

fluorescence for an individual datapoint and Average Fluorescence
DMSO

 is the mean 

fluorescence value of DMSO treated cells for each plate and cell line.  

Table 2.4 Monolayer transport assay incubation steps First incubation step 
involves substrate, inhibitors or DMSO control diluted with HBSS. The corresponding 
second incubation step is also shown. For Ko143-Cy5 experiments, Ko143-Cy5 was 
used in place of Ko143-X-BY630. 

First incubation Second Incubation 

DMSO DMSO 

Hoechst 33342 (3 μM) DMSO 

Hoechst 33342 (3 μM) + Ko143-X-BY630 (1 μM) Ko143-X-BY630 (1 μM) 

Hoechst 33342 (3 μM) + Ko143 (1 μM) Ko143 (1 μM) 

Ko143-X-BY630 (1 μM) DMSO 

Ko143-X-BY630 (1 μM) + Ko143 (1 μM) Ko143 (1 μM) 
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2.7 Data analysis 

All data were analysed using GraphPad Prism 9.1.0. Multiple data sets were 

compared with WT and untransfected HEK293T cells using a one-way ANOVA with a 

Dunnett’s multiple comparisons test. All experiments were repeated a minimum of 3 

independent occasions for statistical analysis and figure legends confirm the number 

of technical repeats (n). The monolayer transport assay data was analysed with a 

two-way ANOVA with Tukey’s multiple comparisons test. 
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Chapter 3 Results 

3.1 Hypothesis formation 

The hypothesis studied in this project was based around the question, “what makes 

an inhibitor an inhibitor and not a substrate that is transported by ABCG2?”. This 

could potentially be explained by differences in affinity, with inhibitors having much 

higher affinity or potency than substrates, whether that be measured by dissociation 

constants or by IC50 values, as suggested by Jackson et al. (2018). Further 

investigation of the literature, provided some evidence for this, with inhibitors having 

between 3-fold and ~2000-fold higher affinity than substrates (Table 3.1) The only 

apparent exceptions to this are TLC-S and sulfasalazine. Sulfasalazine has been 

used as a substrate and an inhibitor in various research (Miyata et al., 2016, 

Karlsson et al., 2010). TLC-S (taurolithocholate sulfate) is a bile acid which at certain 

concentrations can disrupt the cell membrane which could explain its slight inhibitory 

effect but low affinity for ABCG2 (Chiang, 2003). The apparent affinity values, shown 

in Table 3.1, are the concentration at which either half maximal transport occurred or 

half maximal inhibition was achieved (Km or IC50). These values cannot be directly 

compared and IC50 values will vary depending on the specific conditions used in the 

assay but can act as a guide to how strongly these compounds bind to ABCG2. 

Jackson et al. (2018) also found a ~3,000-fold difference in affinity between their 

fluorescent Ko143 derivative (inhibitor) and the substrate E1S. 
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Table 3.1 Apparent affinities of substrates and inhibitors  

Compound name Substrate  
or Inhibitor 

Apparent affinity 
(μM) 

Reference 

Fumitremorgin C Inhibitor 0.731 ± 0.092 (Ochoa-Puentes et al., 2013) 

Ko143 Inhibitor 0.128 ± 0.017 (Kohler and Wiese, 2015) 

Benzbromarone Inhibitor 0.20 (Miyata et al., 2016) 

Topiroxostat Inhibitor 0.18 (Miyata et al., 2016) 

Febuxostat Inhibitor 0.027 (Miyata et al., 2016) 

Sulfasalazine Substrate/Inhibitor 0.6 (Karlsson et al., 2010) 

TLC-S Inhibitor 37 (Suzuki et al., 2003) 

Rosuvastatin Substrate 2.3 (Miyata et al., 2016) 

E1S Substrate 16.6 ± 3.4 (Suzuki et al., 2003) 

Mitoxantrone Substrate 61 (Suzuki et al., 2003) 

DHEAS Substrate 55 (Suzuki et al., 2003) 

4-MUS Substrate 12.9 ± 2.1 (Suzuki et al., 2003) 

E3040S Substrate 26.9 ± 4.0 (Suzuki et al., 2003) 

SN-38 Substrate 4.0 (Nakatomi et al., 2001) 

SN-38-
glucuronide 

Substrate 26 (Nakatomi et al., 2001) 

 

The difference in affinity can be rationalised by the cryo-EM structures determined by 

Manolaridis et al (2018). The substrate-bound (E1S), inward facing ABCG2 structure 

(PDB 6HCO) showed that F439 from opposite monomers are 8 Å apart and 

interacting with the bound substrate. In ATP-bound, outward facing structure (PDB 

6HBU) these residues are only 3.5 Å apart (Figure 3.1). This means the substrate 

must be released from cavity 1 before it completely collapses, suggesting transient 

conformational changes which push out the substrate, resembling a peristaltic motion 

(Manolaridis et al., 2018). The resulting hypothesis is that inhibitors have a higher 

affinity for cavity 1 which means they are less likely to be released to allow the 
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transient conformational changes to occur. In other words, high affinity inhibitors are 

proposed to lock ABCG2 in the inward facing conformation. 

One extension of this theory is that there would be an inverse relationship between 

binding affinity and maximal transport, suggested by Manolaridis et al. (2018). This 

group removed the hydrogen bond potential in a T435A mutant causing an increase 

in E1S transport. This could indicate that reducing affinity for a compound increases 

substrate character (i.e. increased transport) and increasing affinity increases 

inhibitor character (less transport, more inhibition). 

If inhibitors have high affinity and substrates have lower affinity, will reducing the 

affinity of an inhibitor cause it to become a substrate which is transported? To test 

this hypothesis a series of experimental mutants were made with the goal of reducing 

affinity for the most commonly used inhibitor Ko143.  
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Figure 3.1 Cavity 1 completely collapses to promote substrate transport. When 
the substrate E1S is bound in cavity 1 of human ABCG2 (top left, PDB 6HCO), the 
F439 residues from each monomer are 8.0 Å apart (bottom left). ATP binding triggers 
conformational changes which lead to E1S being extruded into the extracellular space 
(top right, PDB 6HBU) and cavity 1 collapses so that F439 residues are only 3.5 Å 
apart (bottom right). Cross sections (top left and top right) and stick models (bottom 
left and bottom right) of each monomer are shown in orange and blue. The leucine 
plug residue is L554. Figure adapted from Manolaridis et al. (2018). 

 

3.2 Mutant design 

In order to decide which experimental mutations to make, the structure of ABCG2 

was visualised in PyMOL. This allowed determination of residues that are involved in 

the binding of Ko143 and provided information for the design of mutants that would 

have a reduced affinity for Ko143. The structure used was the cryo-EM structure 

published by Jackson et al. (2018) of ABCG2 bound to MZ29, a derivative of Ko143. 

MZ29 and Ko143 only differ in one place: the methoxy group of Ko143 is replaced by 

an O-cyclopentyl group (Figure 3.2). First, all residues with atoms within 4.0 Å of 
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MZ29 were identified; a total of fifteen were found. Three of these residues (F431, 

F432 and L555, shown in white in Figure 3.3 B and C) were excluded since they only 

interacted with the O-cyclopentyl group of MZ29 and would be too far away (4.7-5.9 

Å) to interact with the carbon of the methoxy group in Ko143. Also, Manolaridis et al. 

(2018) found that no functional protein was expressed with L555A because it is likely 

to have structural importance, so mutations to different residues could have the same 

issue. The remaining residues are shown in Figure 3.3 A, where their interactions 

with specific parts of Ko143 are also shown. 

 

Figure 3.2 Comparison of the structures of Ko143 and MZ29. The red dashed 
squares highlight the difference between Ko143 and MZ29: a methoxy group and O-
cyclopentyl group respectively. Structures are from Jackson et al. (2018). 

 

In an attempt to narrow down the important residues further, the human ABCG2 

protein sequence was aligned with ABCG2 sequences from other mammals (rabbit, 

cow and mouse) where Ko143 has been shown to be an inhibitor (Weidner et al., 

2015, Manzini et al., 2017, Wei et al., 2012, Halwachs et al., 2016). All residues with 

atoms within 4.0 Å of MZ29 were fully conserved (Figure 3.3 D-F), in fact most 

residues in ABCG2 are conserved (81.61-86.28% sequence identity compared with 
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human ABCG2). Therefore, all highlighted residues could play a role in binding, and 

none can be ruled out at this stage based off the sequence alignments alone.  

3.2.1 A397S/V401A/L539A – Mut1 

A397, V401 and L539 interact with the tert-Butyl ester (blue in Figure 3.3 A) via van 

der Waals forces. Mutating these residues to reduce hydrophobicity could reduce the 

affinity of ABCG2 for Ko143. This is supported by the research performed by 

Weidner et al. (2015) where the acid metabolite of Ko143, lacking the tert-Butyl ester, 

has no inhibitory effect on mitoxantrone transport by ABCG2. V401A and L539A 

would lower affinity for Ko143 since mutation to alanine would introduce a smaller 

hydrophobic group which would form fewer or weaker van der Waals interactions. 

However, this approach could not be applied to A397 which cannot be mutated to 

anything smaller, besides glycine which would add flexibility to α-helix 1b (Figure 3.3 

B, C and D), potentially causing unwanted effects to the overall protein structure 

(Högel et al., 2018). For this reason and to further decrease affinity, the mutation to 

the polar residue serine was introduced in this triple mutant. Of the three residues 

interacting with the tert-Butyl ester, A397S is the furthest away from the oxygens and 

is therefore the least likely to hydrogen bond but could still cause a 

hydrophobic/hydrophilic repulsion that would result in a decrease in affinity. Making 

the triple mutant, A397S/V401A/L539A, will ensure the hydrophobicity is sufficiently 

reduced to have an impact on the affinity for Ko143’s tert-Butyl ester. This mutant will 

be referred to as Mut1 throughout this thesis.  
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3.2.2 L405A/I543A/V546A – Mut2 

The isobutyl group, highlighted by the green circle in Figure 3.3 A, forms van der 

Waals interactions with V401, L405, I543 and V546. Another triple mutant was 

designed to target these hydrophobic interactions: L405A/I543A/V546A (Mut2). Cox 

et al. (2018) made the single mutants L405A and I543A, both of which showed a 

significant reduction in mitoxantrone and pheophorbide A transport. It is, therefore, 

feasible these residues will also play a role in the binding of inhibitors. V546A, 

however, compared to WT had no change in E1S transport but did double the EC50 of 

E1S-induced ATPase activity (Manolaridis et al., 2018). This means the V546A 

mutant reduces the affinity for the substrate E1S but perhaps not enough for reduced 

transport. By combining V546A with L405A and I543A the hydrophobicity will be 

lowered to a greater extent which will have a larger effect on reducing the affinity, 

when applied to Ko143. 
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Figure 3.3 ABCG2 residues interacting with Ko143. Schematic showing ABCG2 

residues interacting with Ko143. Four chemical features of Ko143 are involved in 
interactions: methoxy (pink), polycyclic core (yellow), tert-Butyl ester (blue), isobutyl 
(green). Carbons 3, 9 and 12 are labelled (Jackson et al., 2018) (B and C) MZ29-
bound ABCG2 with interacting residues shown as sticks (within 4.0 Å). Polar 
interactions (hydrogen bonds) shown as black dotted lines. Residues interacting with 
one feature of MZ29 are coloured as in A. V401 (blue) is coloured to match the other 
residues interacting with the tert-Butyl ester (triple mutant) but it also interacts with 
the isobutyl group. V546 (green) is coloured in the same manner but also interacts 
with the polycyclic core. F431, F432 and L555 (white) interact with O-cyclopentyl 
group of MZ29 but not Ko143. Some residues from TM1b and TM5a (opposite 
monomers) are hidden for clarity. PDB 6ETI was used (Jackson et al., 2018) (D-F) 
Partial sequences from the alignment of ABCG2 from human, rabbit, cow and 
mouse. Shows conservation of residues interacting with Ko143 in TM1b (D), TM2 (E) 
and TM5a (F) (highlighted with same colours as in B and C). 

 

  

A B 

C 

D E 

F 
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3.2.3 T435A and M549E 

Single mutants were made to target the affinity for the methoxy group of Ko143 (pink 

in Figure 3.3). This is because the methoxy group has been shown to be a key 

component of potent inhibitors, with Ko143 being four times more potent than its 

demethoxy analogue Ko134 when measuring inhibition of ABCG2-mediated 

mitoxantrone efflux (Allen et al., 2002). Demethoxy fumitremorgin C is also 10 times 

less potent than native fumitremorgin C (He et al., 1999, as cited in Allen et al., 2002) 

so small changes to the interactions with the methoxy will potentially have a greater 

effect than with other groups. This is supported by Jackson et al. (2018). They found 

that changing the substituent at C9 (the methoxy group, Figure 3.3 A) had a large 

influence on binding affinity and suggested that the removal of the T435 hydrogen 

bond causes a reduction in affinity. For these reasons, the mutation T435A was 

made which removes the hydrogen bond.  

M549 also interacts with the methoxy group via van der Waals forces and has been 

shown to be important in substrate transport. In previous studies, M549A decreased 

mitoxantrone and pheophorbide A transport but not E1S transport (Haider et al., 

2015, Manolaridis et al., 2018). Jackson et al. (2018) found that the addition of 

hydrophilic groups to C9 of the polycyclic core of Ko143 caused the inhibitor to 

become inactive. They suggest this is due to the hydrophobicity at the bottom of 

cavity 1, nevertheless, it would be interesting to see the effect of mutating M549 to a 

glutamic acid which is a similar sized but hydrophilic residue. This mutation would 

remove the hydrophobic interactions without adding a hydrogen bond between the 

carboxyl and the methoxy (4.7 Å between 2 closest oxygen atoms). In addition, since 
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M549A had no effect on E1S transport, a more drastic change (M549E) is more likely 

to have an effect on affinity for Ko143. 

3.2.4 N436A, F439A and S440W 

The polycyclic core of Ko143 (yellow in Figure 3.3 A) has 5 amino acids interacting 

with it: N436, F439, S440, T542 and V546. N436 hydrogen bonds via the carbonyl 

oxygen of the side chain with the NH of the indole ring in Ko143 (Figure 3.3 C). 

Mutating to an alanine removes this hydrogen bond and minimizes advantageous 

hydrophobic interactions with the polycyclic core. Previous mutation of N436A led to 

depleted E1S transport activity and there was also no E1S-induced ATPase activity 

suggesting it is important for substrate binding, therefore, the mutation N436A could 

reduce affinity for Ko143 (Manolaridis et al., 2018).  

F439 forms stacking interactions with the benzene ring in the polycyclic core of 

Ko143, this is a stronger bond than van der Waals but weaker than hydrogen bonds 

so would be interesting to mutate. Removing the aromaticity of phenylalanine would 

eliminate this interaction. Mutating to any other amino acid, besides tryptophan or 

tyrosine, would do this but introduction of other interactions must also be avoided. 

This is why mutation to alanine was made: no hydrogen bonds are introduced and 

hydrophobic interactions are minimized. Previous data on the F439A mutant has 

shown that it had an effect on E1S transport and E1S-induced ATPase activity so 

could also have an effect on Ko143 affinity (Manolaridis et al., 2018). 

S440 has been shown to be involved in mitoxantrone and pheophorbide A transport, 

with mutation to alanine causing a significant reduction in transport compared with 

the WT (Cox et al., 2018). However, the hydroxyl group of S440 is pointing away 

from MZ29 in the 6ETI structure (Figure 3.3 C) so would not form any polar 
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interactions with MZ29 nor Ko143, based on the assumption that they bind in the 

same manner. Perhaps the orientation of S440 is different when binding to 

substrates (although S440 also points away in the E1S-bound structure, 6HCO) or 

the hydrophilicity of this residue contributes to creating an environment suitable for 

binding. Since S440A will not necessarily have a clear effect on the affinity for Ko143, 

a tryptophan mutation was made. The idea was to mutate to the largest amino acid to 

cause steric hindrance so that Ko143 can no longer sit in the pocket in a way that 

optimises the other interactions. This could have major ramifications on binding by 

causing too much steric hindrance or removing too many other interactions. On the 

other hand, interactions could be introduced including π-π stacking and hydrogen 

bonds with the NH of tryptophan.  

T542 forms van der Waals interactions with the polycyclic core of Ko143, however, 

this residue was not mutated. Removing one van der Waals interaction would likely 

have very little effect on the total affinity especially since there are 4 other amino 

acids interacting with the polycyclic core, including a stronger hydrogen bond and 

stacking interaction. Furthermore, there was no literature to support its involvement in 

Ko143 or substrate binding. Since the aim of this project is to assess the importance 

of affinity for inhibitor function, there is no need to mutate this residue unnecessarily.  

3.2.5 Summary 

In summary, the mutants designed are: Mut1 (A397S/V401A/L539A), Mut2 

(L405A/I543A/V546A), T435A, M549E, N436A, F439A and S440W. These mutations 

target different functional groups of Ko143 and are proposed to affect the affinity in 

different ways (Table 3.2). For example, Mut1 and Mut2 remove multiple weaker 

interactions, whereas T435A and N436A remove stronger hydrogen bonds. M549E 
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and S440W are mutating residues that are potentially less important for affinity, to 

more extreme mutations designed to disrupt binding. In future experiments, if the 

triple mutations had a functional impact, there would be value in assessing the 

contribution of each residue to Ko143 binding and transport. However, for this project 

the compounded effect of three minor changes in both Mut1 and Mut2 is more likely 

to noticeably impact Ko143 binding. 

Table 3.2 ABCG2 mutants and their desired effect on Ko143 binding.  Mut1 and 
Mut2 are A397S/V401A/L539A and L405/I543A/V546A triple mutants respectively. 

Mutant Ko143 
functional group 

Desired effect 

T435A Methoxy group Removes hydrogen bond 

M549E Methoxy group Removes hydrophobic interaction; Introduces hydrophilicity 

N436A Polycyclic core Removes hydrogen bond 

F439A Polycyclic core Removes stacking interactions 
S440W Polycyclic core Increases steric hindrance 

Mut1 tert-Butyl ester Reduces hydrophobic interactions 
Mut2 Isobutyl group Reduces hydrophobic interactions 

 

3.3 Construct generation 

Mutant ABCG2 constructs were created by performing mutagenic PCR with 

pcDNA™3.1/Zeo(+)_SNAP_ABCG2 plasmid as the template DNA which is shown 

Figure 3.4. Key features of this plasmid include an ampicillin resistance gene (AmpR) 

for bacterial selection; a Zeocin™ resistance gene (BleoR) for mammalian cell 

selection; and the cytomegalovirus (CMV) promoter for enhanced expression of the 

protein of interest, SNAP-tagged ABCG2.  
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Figure 3.4 Schematic of the template construct used for mutagenic PCR. The 
pcDNATM3.1/Zeo(+) backbone contains the coding region for twin-strep and SNAP-
tagged ABCG2. Key features are shown including AmpR and BleoR to confer 
ampicillin and Zeocin™ resistance respectively and a CMV promoter for enhanced 
expression. Primers used in sequencing are shown in purple. 

 

In order to make the mutant constructs, mutagenic PCR was performed using 

primers containing the mutant codon. The primers were designed to optimise the 

following factors: ΔG of self-dimer formation greater than -10 kcal/mol; ΔG of hairpin 

formation greater than -5 kcal/mol; GC content between 40% and 60%; and a score 

higher than 75% (all found using Premier Biosoft’s Netprimer). For the triple mutants 

Mut1 and Mut2, two sets of primers were designed. The first set made two mutations 

relatively close in sequence to each other (A397S and V401A for Mut1, I543A and 

V546A for Mut2). The second set included the final mutation (L539A for Mut1, L405A 

for Mut2). 
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PCRs were performed as described in 2.2.1 and resulting DNA was confirmed on 

agarose gel electrophoresis, shown in Figure 3.5. For the single mutants, S440W, 

M549E, N436A and T435A have clear bands between 4.0 kb and 10.0 kb which 

correlates with the construct being 7.6 kb. There is no band, however, for F439A so a 

gradient PCR was conducted at a range of annealing temperatures (4 temperatures 

50.5-65.0 °C), all of which were successful (Figure 3.5 C). Two rounds of PCR were 

performed for the triple mutants, Mut1 and Mut2. First, the double mutant primers 

were used (A397S/V401A and I543A/V546A, Table 2.1) on the WT template shown 

in Figure 3.4. A397S/V401A was successful at the original annealing temperature 

(55.0 °C, Figure 3.5 B) and I543A/V546A was successful at 50.5 °C (Figure 3.5 C). 

Once successful PCR was confirmed (Figure 3.5 B and C) and sequences were 

checked by Sanger sequencing (see below), the PCR products were used as the 

template in the second round of PCR with the second set of primers (L539A for Mut1 

and L405A for Mut2). The resulting PCR products were confirmed by agarose gel 

electrophoresis shown in Figure 3.5 D. 
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Figure 3.5 Confirmation of successful PCR by gel electrophoresis. PCR was 
performed using the pcDNA™3.1/Zeo(+)_SNAP_ABCG2 plasmid as the template 
DNA and the mutagenic primers shown in Table 2.1. (A) For the single mutants, all 
but F439A have undergone successful PCR (B) First round of PCR for Mut1 and 
Mut2, using the double mutant primers to create A397S/V401A and I543A/V546A 
respectively. A397S/V401A was successful but I543A/V546A was not. (C) PCR was 
performed at a range of annealing temperatures (50.5-65.0 °C) for F439A and 
I543A/V546A. F439A was successful at all temperatures and I543A/V546A at 50.5 
°C (D) Second round of PCR for Mut1 and Mut2, using the A397S/V401A and the 
I543A/V546A (50.5 °C) PCR products respectively as the templates, was successful. 

 

The PCR products were then treated with DpnI to break down the methylated 

template DNA (WT), leaving only the mutated DNA intact. The PCR products were 

then transformed into DH5α competent E. coli and following plasmid isolation, the 

DNA was sequenced by Source BioScience (Nottingham). Sanger sequencing was 

performed using a series of primers that covered the entire region of interest (SNAP-

labelled ABCG2). Primers used, as well as the region they cover, are shown in Table 

2.3 and the position they bind on the plasmid is shown in Figure 3.4. Sequence 

chromatograms were first viewed in Chromas to confirm quality of the data and then 

A B 

C D 
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sequences were compared with the WT construct by aligning in BLAST to see if the 

mutation was successfully incorporated (Appendix, section 6.2). Successful 

mutagenesis can be observed for N436A (Figure 3.6, top panel) and similar data for 

all other single and triple experimental mutants was obtained (Appendix, section 6.1). 

For N436A there was one unexpected difference between WT and observed 

sequence (Figure 3.6, bottom panel): an adenine to guanine which changed the TCA 

codon to TCG. Both these codons code for serine so the construct was still able to be 

used. Strictly speaking this mutant is N436A/S622S but will be referred to as N436A 

throughout this thesis. All the other mutant constructs were exactly as expected.
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Figure 3.6 Sequencing chromatograms to confirm the desired mutation within the mutant ABCG2 constructs. The top panel 
shows a portion of the N436A sequencing data obtained using the SeqF2 primer, with the desired mutation highlighted by the red 
box. The bottom panel shows the additional mutation (red box) in the N436A construct (data collected using the Seq482 primer). 
The other mutant constructs showed similar results to the top panel, with no additional mutations.
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3.4 Protein expression 

The mammalian expression system used in this study was HEK293T cells. They are 

derived from HEK293 cells which were created from normal human embryonic kidney 

(HEK) cells exposed to sheared fragments of human adenovirus type 5 DNA, making 

them more infectious. They also contain the temperature-sensitive SV40 T-antigen 

tsA1609 which activates replication of vectors with the SV40 origin of replication 

(Figure 3.4). This allows high levels of expression of the protein of interest, SNAP-

tagged ABCG2 (Graham et al., 1977, DuBridge et al., 1987, Rio et al., 1985). 

HEK293T cells, which have no endogenous ABCG2 expression, were transiently 

transfected with WT and mutant pcDNA™3.1/Zeo(+)_SNAP_ABCG2 plasmids using 

the PEI transfection method described by Boussif et al. (1995). The molar PEI 

nitrogen: DNA phosphorus ratio was 15:1 (section 2.3.2). Stable cell lines were 

generated by Zeocin™-mediated selection. Zeocin™ concentration in the media was 

maintained at 200 μg/mL for 36-43 days before reducing to 40 μg/mL. This kills the 

cells that have not taken up the plasmid, while successfully transfected cells are 

resistant due to the newly acquired Zeocin™-resistance gene, BleoR (Figure 3.4). 

The SNAP-labelled ABCG2 is not particularly conducive to rapid observations of 

expression in live cells; therefore, as a guide for zeocin selection efficacy, the 

pcDNA™3.1/Zeo(+)_sfGFP_ABCG2 plasmid, coding for GFP-tagged WT-ABCG2, 

was transfected alongside the WT and mutant plasmids described above. This 

allowed the expression of ABCG2 to be monitored by epifluorescence microscopy. 

Figure 3.7 shows that, even after 5 days of Zeocin™ selection, most of the GFP-

ABCG2 cells are fluorescent meaning that they are expressing GFP-ABCG2. 

Observation of untransfected HEK293T cells confirmed that cell death was not 
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complete until several weeks of exposure. Once stable cell lines were generated, 

aliquots were frozen in liquid nitrogen for long term storage.  

 

Figure 3.7 Confirmation of GFP fluorescence as an indicator of transfection 
efficacy. pcDNA™3.1/Zeo(+)_sfGFP_ABCG2 plasmid was transfected into 
HEK293T cells alongside the WT and mutant constructs described in section 3.2. 
After 5 days of Zeocin™-selection, epifluorescence microscopy was used to view the 
GFP-ABCG2 fluorescence of the cells. Fluorescence of these cells indicates that 
transfection was successful. Cells that are rounded and intensely fluorescent (red 
arrowheads) are dying/dead cells, presumably reflecting cells that have not taken up 
the plasmid and so now suffering the cytotoxic effects of zeocin. Scale bars represent 
approximately 20 μm. 

 

To determine expression levels of ABCG2 in the WT and mutant cell lines, western 

blotting was performed (Figure 3.8). First cells were harvested, then lysed in ice cold 

buffer by sonication. 35 μg of cell lysate was resolved electrophoretically on 10% 

polyacrylamide gel and transferred to nitrocellulose or stained with InstantBlue™. 

Blots were then probed against the anti-ABCG2 antibody, BXP-21. Figure 3.8 A 

shows bands of varying intensity between 98 kDa and 148 kDa, which is a larger 

apparent molecular weight than the expected size of ABCG2 (72.3 kDa) tagged with 

SNAP-tag® (19.4 kDa) and twin strep tag (3.4 kDa). However, many membrane 

proteins have mobility differences on SDS-PAGE due to increased interactions with 

SDS molecules, increasing their apparent molecular weight compared with the 
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globular protein standards (Rath et al., 2009). F439A and M549E have weak BXP-21 

reactive bands alongside lower protein loading demonstrated by the gels stained with 

InstantBlue™. Increasing the protein loading to 70 μg (Figure 3.8 B) confirmed that 

F439A was expressed but showed that M549E still had minimal expression of 

ABCG2. As a result, this mutant was discounted from further experiments. Very 

low/absent expression of M549E might result from the extreme nature of this 

mutation, with a hydrophobic methionine being replaced by a hydrophilic glutamic 

acid, since M549A was successfully expressed in other work (Haider et al., 2015, 

Manolaridis et al., 2018). 

 

Figure 3.8 Western blots showing mutant and WT-ABCG2 expression in stable 
cell lines. 35 μg (A) or 70 μg (B) of whole cell lysates underwent SDS-PAGE and 
immunoblotted against the anti-ABCG2 antibody, BXP-21. Untransfected HEK293T 
cells were used as a negative control. Change in relative expression of F439A 
compared to WT can be explained by lower protein loading of F439A and M549E in 
A and lower protein loading of WT in B. The molecular weights of pre-stained 
standard proteins were identified from the nitrocellulose. 

 

  

A 

B 
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3.5 Confirmation of protein localisation by flow cytometry 

Western blots can confirm total expression of a protein, however, exclusively using 

this technique for membrane proteins does not provide any information on 

localisation with the cell. Activity of membrane proteins is influenced by its lipid 

bilayer surroundings (Lee, 2004, Szilagyi et al., 2017) so localisation on the cell 

membrane must be confirmed. This is especially true for transporters such as 

ABCG2, where substrates can only be exported if the protein is correctly localised. In 

this thesis, flow cytometry was used to quantify the proportion of cells with significant 

cell surface expression of ABCG2. The monoclonal antibody 5D3 recognises a cell 

surface epitope within the extracellular loop 3 of ABCG2 and can therefore be used 

to measure cell surface localisation of ABCG2 (Ozvegy-Laczka et al., 2008). In this 

project, cells were incubated with 5D3 antibody or isotype control and then the 

Alexafluor647 secondary antibody and fluorescence was measured by flow 

cytometry.  

 

Figure 3.9 Schematic representation of flow cytometry. The basic flow cytometry 
setup consists of a single stream of cells intercepted by a laser. Light scattered by 
the cells pass through or are reflected by filters and are detected by side scatter 
(SSC), forward scatter (SSC) or fluorescent (FL1, FL2, FL3) detectors. Figure 
acquired from AAT Bioquest (2019). 
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During flow cytometry, a single stream of cells is produced which allows a laser to 

illuminate each cell as if flows past (Figure 3.9). The light from the laser is scattered 

by the cell in all directions but is only detected in the forward direction (same 

direction as the laser) and at 90° angle from the laser beam (Jaroszeski and Radcliff, 

1999). This is referred to as forward scatter (FSC) and side scatter (SSC) 

respectively. If the cells are fluorescent, either through fluorescent antibodies or 

proteins (e.g. GFP), the laser will excite the fluorophore and the emitted light will be 

detected in one of the fluorescent detectors (FL1, FL2, FL3), 90° from the laser. 

Different wavelengths of emitted light will be either reflected or passed through 

optical filters so that they are detected by the correct detector. 

Side scatter values relates to granularity/structure and forward scatter is proportional 

to size (Jaroszeski and Radcliff, 1999). This means that different types of cell will 

appear in different positions when SSC and FSC are plotted against each other and 

data points can be gated to separate data from each type. This is shown in Figure 

3.10 A, where the clear cluster is HEK293T cells and datapoints outside this gate are 

likely to represent damaged cells and cell debris. Side scatter height plotted against 

side scatter area can separate monodispersed cells from doublets. Figure 3.10 B 

shows the gating for singlets, for the untransfected HEK293T cells. This particular 

sample shows very few doublets but they would appear in a cluster shifted to the 

right of the one gated. It is important that doublets are gated out because they could 

give falsely high fluorescence values.  
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Figure 3.10 Cell surface ABCG2 expression was confirmed by flow cytometry. 
Cells were treated with either 5D3 (extracellular binding anti-ABCG2 antibody) or 
isotype control and then AlexaFluor647 secondary antibody. Negative control cells 
were not treated with any antibody. (A and B) Data was first gated to exclude debris 
from live cells by plotting side scatter height against forward scatter height (A). Side 
scatter height was then plotted against side scatter area to separate singlets from 
doublets (B). Number of cells in each gate is shown. Untransfected HEK293T 
(negative control) is shown and is representative of all data. Density plots are shown, 
with grey being the sparsest datapoints and red/green being the densest. (C) After 
gating, histograms of cell count vs AlexaFluor647 fluorescence were plotted. C 
shows the overlay of WT histograms (5D3, isotype control and negative control) for 
one repeat. It is representative of the remaining data. The right-hand edge of the 
isotype control peak was used as a threshold for positive cell surface expression for 
each cell line and repeat. (D) Mean percentage of cell surface ABCG2 expression 
(n=4) of untransfected HEK293T cells (HEK), WT and mutants, derived from 5D3 
histograms and isotype control set thresholds. % cell surface expression is the 
percentage of cells with fluorescence over the threshold set in C. Error bars depict 
standard error of the mean (SEM). Colours of the bars represent which functional 
group of Ko143 the mutants interact with (as in Figure 3.3): methoxy (pink), polycyclic 
core (yellow), tert-Butyl ester (blue), isobutyl (green). Control cell lines (HEK and WT) 
are shown in grey. 
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Once data was gated for cells and singlets, histograms for Alexafluor647 

fluorescence for each cell line were plotted (Figure 3.10 C). Thresholds for positive 

cell surface expression were set using the isotype controls for each cell line with any 

cell displaying greater AlexaFluor647 fluorescence than the 99th centile of the 

isotype control considered as ABCG2-expressing (Figure 3.10 C). Figure 3.10 D 

shows the mean percentage of cells with fluorescence over the threshold (% cell 

surface expression) for all cell lines over 4 repeats. ABCG2 is localised to the plasma 

membrane to varying degrees but all cell lines (except for untransfected HEK293T 

cells) have at least 60% cell surface expression and are not significantly different 

from each other (p > 0.05). This is sufficient for use in the transport assays. 

3.6 Transport assays 

Transport assays have often been performed using flow cytometry and take 

advantage of many ABCG2 substrates being fluorescent e.g. mitoxantrone, 

pheophorbide A and Hoechst 33342 (Cox et al., 2018, Kapoor et al., 2020). When 

cells expressing WT-ABCG2 are incubated with fluorescent substrates, ABCG2 will 

pump out the substrate leaving a low level of fluorescence in the cell. When treated 

with inhibitors or using ABCG2 mutants that do not transport the substrate, the 

substrate will accumulate in the cell giving a higher fluorescence. Ko143, however, is 

not fluorescent. In order to measure its transport, fluorescent derivatives of Ko143 

were used (kindly synthesized by Sarah Mistry, School of Pharmacy, University of 

Nottingham). Two derivatives, Ko143-X-BY630 and Ko143-Cy5, are shown in Table 

3.3 and consist of Ko143 tagged with a fluorophore at the tert-Butyl ester end. These 

will likely bind to ABCG2 in a similar manner to Ko143 with the Ko143-like regions of 

the fluorescent derivatives binding to cavity 1. All the experimental mutants (except 
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for Mut1) are designed to reduce affinity for functional groups that are common 

between Ko143, Ko143-X-BY630 and Ko143-Cy5. Therefore, the effect on 

binding/transport of the fluorescent derivatives compared with untagged Ko143 

should be minimal. However, Mut1 has 3 mutations (A397S/V401A/L539A) all 

focused around reducing the affinity for the tert-Butyl ester of Ko143 (Figure 3.3) but 

for both fluorescent derivatives the tert-Butyl ester is replaced by a fluorescent tag 

(Table 3.3). Ko143-X-BY630 and Ko143-Cy5 are less hydrophobic than Ko143 in the 

equivalent region, meaning the experimental mutations would have less of an effect 

on the affinity than originally intended. In addition, any reduction in affinity caused by 

a decrease in hydrophobicity, could be cancelled out by the possible formation of a 

hydrogen bond between A397S and the amides present in the fluorescent Ko143 

derivatives. 

Table 3.3 Details of Ko143 and its fluorescent derivatives.  

Name Structure Excitation 
wavelength 
(nm) 

Emission 
wavelength 
(nm) 

Ko143  N/A N/A 

Ko143-X-
BY630 

 

636 651 

Ko143-
Cy5 

 

649 666 
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3.6.1 Monolayer transport assay 

Before analysing whether the fluorescent Ko143 derivatives are transported by the 

mutant ABCG2 proteins, their inhibitory activity compared to Ko143 must be 

determined. To accomplish this, a monolayer transport assay was performed in 

collaboration with James Mitchell-White (Kerr Lab, School of Life Sciences, 

University of Nottingham) using suspension growth-adapted HEK293 (HEK293S) 

cells which were untransfected or expressing WT-ABCG2 (Lin et al., 2014). Similar to 

Haider et al. (2015), HEK293S cells were treated with either Hoechst 33342 in the 

presence or absence of inhibitor (Ko143 or fluorescent derivative). Hoechst 33342 is 

a fluorescent substrate of ABCG2 whose excitation and emission wavelength 

(361/497 nm) does not overlap with that of the fluorescent Ko143 derivatives (Table 

3.3). The HEK293S and WT cells were also treated with a fluorescent Ko143 

derivative (Ko143-X-BY630 or Ko143-Cy5) in the presence or absence of Ko143 

(also in absence of Hoechst 33342). The purpose of this is to confirm that the 

fluorescent derivatives are able to enter HEK293 cells. 
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Figure 3.11 Ko143-X-BY630 inhibits Hoechst 33342 transport by ABCG2. (A) 
Hoechst 33342 fluorescence was measured in untransfected HEK293S and WT 
expressing HEK293S cells treated with Hoechst 33342 in the presence or absence of 
an inhibitor (Ko143 or Ko143-BY630). Hoechst 33342 treated WT-ABCG2 expressing 
cells have significantly less Hoechst 33342 fluorescence than untransfected 
HEK293S cells. Ko143 and Ko143-X-BY630 inhibit ABCG2 causing a significant 
increase in Hoechst 33342 accumulation in WT-ABCG2 expressing cells. (B) Ko143-
X-BY630 fluorescence was measured in untransfected HEK293S and WT expressing 
HEK293S cells treated with Ko143-X-BY630 in presence or absence of Ko143. All 
conditions were significantly different from zero showing that Ko143-X-BY630 enters 
HEK293S and WT-ABCG2 expressing cells. Data also shows no significant Ko143-
inhibitable transport of Ko143-BY630. Data was collected on 3 separate occasions. 
Background fluorescence was accounted for by subtracting the average DMSO 
fluorescence from each data point (section 2.6). Error bars depict standard error of 
the mean (SEM). 
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Figure 3.11 shows the results of the monolayer transport assay for Ko143-X-BY630. 

When measuring Hoechst 33342 fluorescence (Figure 3.11 A), WT-ABCG2 

expressing cells have a significantly different fluorescence (p < 0.0001, comparing 

the two blue bars) to the HEK293S cells because ABCG2 pumps Hoechst 33342 out 

of the cell. Treatment with Ko143 restores cellular accumulation of Hoechst 33342 

giving a higher fluorescence that is not significantly different from the equivalent 

HEK293S cells. This is because Ko143 inhibits ABCG2 so Hoechst 33342 was not 

exported. Figure 3.11 A shows that Ko143-X-BY630 acts as inhibitor to almost the 

same extent as untagged Ko143. Hoechst 33342 transport by WT-ABCG2 

expressing cells treated with Ko143-X-BY630 was not significantly different from 

those treated with Ko143 (compare red and yellow bars, right hand side, Figure 3.11 

A) but the magnitude of inhibition appears slightly lower with Ko143-X-BY630. As 

seen in Figure 3.11 B, Ko143-X-BY630 successfully enters the cell since the Ko143-

X-BY630 fluorescence in HEK293S and WT cells is significantly different from zero (p 

< 0.0001). Also, in this case, the addition of the fluorescent tag to Ko143 does not 

cause it to be transported by WT-ABCG2. This is demonstrated by no significant 

difference in Ko143-X-BY630 fluorescence between HEK293S and WT cells. In 

addition, there is no significant difference between Ko143-BY630 treated WT cells in 

absence or presence of Ko143. This means that, unlike with Hoechst 33342 

transport, Ko143 does not affect Ko143-X-BY630 accumulation. 
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Figure 3.12 Ko143-Cy5 does not inhibit Hoechst 33342 transport by ABCG2. (A) 
Hoechst 33342 fluorescence was measured in untransfected HEK293S and WT-
ABCG2 expressing HEK293S cells treated with Hoechst 33342 in the presence or 
absence of an inhibitor (Ko143 or Ko143-Cy5). Hoechst 33342 treated WT-ABCG2 
expressing cells have significantly less Hoechst 33342 fluorescence than 
untransfected HEK293S cells. Ko143 inhibits ABCG2 causing a significant increase 
in Hoechst 33342 accumulation in WT-ABCG2 expressing cells. Ko143-Cy5 does not 
inhibit Hoechst 33342 transport because fluorescence is not significantly different 
form WT cells treated with just Hoechst 33342. (B) Ko143-Cy5 fluorescence was 
measured in untransfected HEK293S and WT-ABCG2 expressing HEK293S cells 
treated with Ko143-Cy5 in presence or absence of Ko143. All conditions were not 
significantly different from zero showing that Ko143-Cy5 did not enter HEK293S and 
WT cells. Data was collected on 3 separate occasions. Background fluorescence 
was accounted for by subtracting the average DMSO from each data point (section 
2.6). Error bars depict standard error of the mean (SEM). 
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The monolayer transport assay was repeated with Ko143-Cy5 instead of Ko143-X-

BY630 (Figure 3.12). In contrast to the data for Ko143-X-BY630, Ko143-Cy5 did not 

act as an inhibitor in the monolayer transport assay. As shown in Figure 3.12 A, there 

is low cellular accumulation of Hoechst 33342 in WT-ABCG2 expressing cells treated 

with Ko143-Cy5, which is not significantly different from WT cells treated with 

Hoechst 33342 alone. This is explained by Figure 3.12 B, where Ko143-Cy5 

fluorescence was not significantly different from zero in WT and HEK293S cells. This 

indicates that Ko143-Cy5 may not successfully enter the cell. Perhaps this is due to 

the more hydrophilic nature of Ko143-Cy5 compared with Ko143-BY630, having 

more charged atoms (Table 3.3). This would make it more difficult to cross the largely 

hydrophobic lipid bilayer of the cell membrane. From this data, it is not possible to 

determine whether Ko143-Cy5 acts as an inhibitor or not because Ko143-Cy5 did not 

successfully enter the cell. A membrane-based activity assay, such as the one 

described in Kapoor et al. (2020) would be able to confirm this ambiguous result. 

In summary, the monolayer transport assay measured the cellular accumulation of 

fluorescent Hoechst 33342 (ABCG2 substrate) and the fluorescent Ko143 

derivatives. Ko143-X-BY630 successfully enters the HEK293S cells; inhibits Hoechst 

33342 transport by ABCG2 to the same extent as untagged Ko143; and is not 

transported by ABCG2. Ko143-Cy5, however, did not successfully enter the 

HEK293S cells and therefore, it is not possible to assess the impact the fluorescent 

tag has on ABCG2 inhibition. 
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3.6.2 Flow cytometry 

Using the same principle of cellular accumulation as in section 3.6.1, flow cytometry 

was used to measure whether the mutant cell lines transported the fluorescent 

Ko143 derivatives. The overarching hypothesis is that if the mutant ABCG2 proteins 

now recognise Ko143 as a substrate rather than an inhibitor then the accumulation of 

the fluorescent Ko143 derivatives in those cell lines will be lower. Although the 

monolayer transport assay indicated that Ko143-Cy5 did not enter cells, the 

preliminary data suggested that the flow cytometry assay could detect intracellular 

Ko143-Cy5. Therefore, both fluorescent Ko143 derivatives were used in flow 

cytometry. The underlying technical differences between the two assays are 

discussed in Chapter 4.  

For the flow cytometry transport assay, mutant cell lines were incubated for 1 hour 

with 2 μM Ko143-Cy5 or Ko143-X-BY630 and then fluorescence was measured by 

flow cytometry. WT-ABCG2 expressing cells and untransfected HEK293T (HEK) cells 

were used as controls as well cells expressing the inactive mutant, E211Q, which 

has the catalytic glutamic acid in the Walker-B sequence of the NBD mutated to 

glutamine (Haider et al., 2015), a kind gift of Joseph Morris (Kerr Lab, School of Life 

Sciences, University of Nottingham). To account for autofluorescence/background 

fluorescence, control cells for each cell line were treated with DMSO for 1 hour. After 

gating out debris and doublets (as described in section 3.5), the median fluorescence 

for each DMSO sample was subtracted from the median fluorescence of the 

fluorescent Ko143 derivatives. This gave a value for change in median fluorescence 

intensity (ΔMFI) which were averaged over at least 3 repeats and shown in Figure 

3.13.  
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For Ko143-Cy5 (Figure 3.13 A and Table 3.4), WT-ABCG2 expressing cells have a 

significantly higher (p < 0.0001) ΔMFI than HEK293T cells. This difference is not due 

to transport of Ko143-Cy5 because HEK293T does not express functionally 

detectable levels of ABCG2. However, the higher fluorescence of WT cells could be 

explained by Ko143-Cy5 binding to cavity 1 of ABCG2 leading to cellular retention of 

the fluorescent inhibitor. All of the cavity 1 mutant cell lines (described in section 3.2), 

except for Mut1, show significantly different Ko143-Cy5 fluorescence compared to 

WT-ABCG2 expressing cells (p < 0.001) but the same Ko143-Cy5 fluorescence as 

HEK293T cells. This is possibly due to reduced binding to ABCG2 caused by the 

designed/purposeful reduction in affinity for Ko143. With this explanation, Ko143-Cy5 

would diffuse out of the mutant ABCG2-expressing cells more easily than with the 

WT-ABCG2 expressing cells, giving a similar fluorescence to HEK293T cells. Altered 

expression levels of ABCG2 in the mutant cell lines does not appear to be an 

explanation as Ko143-Cy5 fluorescence does not correlate with expression level of 

ABCG2 (Figure 3.8). For example, N436A expression was higher than WT-ABCG2 

so cannot explain why ΔMFI of N436A expressing cells is lower than WT-ABCG2 

expressing cells. The triple mutant Mut1 has a ΔMFI significantly higher than HEK (p 

< 0.001) but not significantly different from WT. As mentioned in section 3.6, the 

experimental mutations made in Mut1 are focused around reducing the affinity of the 

tert-Butyl ester of Ko143, which is not present in fluorescent Ko143 derivatives. This 

explains why Mut1 has similar fluorescence to WT cells and supports the idea that 

the other cavity 1 mutants have reduced binding. 
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Figure 3.13 Cellular accumulation of fluorescent Ko143 derivatives in mutant 
cell lines. After gating for monodispersity (see Figure 3.10 A and B), median 
fluorescence intensity (MFI) was measured for mutant, WT and untransfected cell 
lines, treated with a fluorescent Ko143 derivative, Ko143-Cy5 (A) or Ko143-X-BY630 
(B). Background fluorescence (DMSO control) was subtracted to give ΔMFI. Data 
was collected on 3 separate occasions for A and 4 separate occasions for B (except 
F439A where n=3). Colours of the bars represent which functional group of Ko143 
the mutants interact with (as in Figure 3.3): methoxy (pink), polycyclic core (yellow), 
tert-Butyl ester (blue), isobutyl (green). Control cell lines (HEK, WT and E211Q) are 
shown in grey. The lines labelled with * (p < 0.05), *** (p < 0.001) or **** (p < 0.0001) 
represent mutant cell lines that have a significantly different ΔMFI from HEK293T 
cells (HEK). Error bars depict standard error of the mean (SEM). 

 

For the Ko143-X-BY630 transport assay (Figure 3.13 B and Table 3.4), the 

fluorescence level for each cell line shows a similar pattern to the Ko143-Cy5 data. 

However, S440W is an exception to this and the ΔMFI for all mutant cell lines and 

HEK293T cells are not significantly different from WT-ABCG2 expressing cells. WT-

ABCG2 expressing cells have a ΔMFI that is slightly higher than HEK293T cells 

along with T435A, N436A, F439A and Mut2 expressing cells having a similar 

fluorescence to HEK293T cells. As before, Mut1 has a significantly higher ΔMFI than 

HEK293T cells (p < 0.05) but this time the fluorescence is higher (but not 

significantly) than WT cells. As with Ko143-Cy5, this can be explained by the addition 

of the fluorescent tag which could the diminish the effect of the hydrophobicity-
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reducing experimental mutations. S440W has significantly more Ko143-X-BY630 

accumulation than HEK cells (p < 0.05, despite the greater variability of this data set), 

with a fluorescence more similar to Mut1.  

Table 3.4 Summary of flow cytometry transport assay results. Significant 
differences are shown in red (lower) and green (higher) and p values are also shown. 
Where differences were not significant the phrase “trend to lower/higher” is used. 

 Ko143-Cy5 Ko143-X-BY630 

Cell Line Compared to WT Compared to HEK Compared to WT Compared to HEK 

HEK293T Lower (p < 0.0001) N/A Trend to lower N/A 

WT N/A Higher (p < 0.0001) N/A Trend to higher 

E211Q Lower (p < 0.01) Trend to higher Trend to lower Trend to lower 

T435A Lower (p < 0.001) Trend to higher Trend to lower Trend to lower 

N436A Lower (p < 0.0001) Trend to higher Trend to lower Trend to lower 

F439A Lower (p < 0.001) Trend to higher Trend to lower Trend to lower 

S440W Lower (p < 0.001) Trend to higher Trend to higher Higher (p < 0.05) 

Mut1 Trend to lower Higher (p < 0.001) Trend to higher Higher (p < 0.05) 

Mut2 Lower (p < 0.001) Trend to higher Trend to lower Trend to higher 

 

In summary, Ko143-Cy5 has significantly higher accumulation in WT-ABCG2 

expressing cells compared to HEK293T cells and the other ABCG2 mutants, 

excluding Mut1. Ko143-X-BY630 shows similar results but without a significant 

difference (Table 3.4). The exception is S440W which, along with Mut1, has a 

significantly higher ΔMFI than HEK293T cells. Both Ko143-Cy5 and Ko143-X-BY630 

data support the idea that reduced affinity of the mutants for fluorescent Ko143 

derivatives causes a decrease in “stickiness” that leads to a lower ΔMFI. Transport of 

Ko143-Cy5 or Ko143-X-BY630 cannot be ruled out but it is not detectable in this 

experiment. 
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Chapter 4 Discussion 

At the beginning of this project, a hypothesis was proposed that inhibitors of ABCG2 

have a higher affinity for cavity 1 than substrates. It was speculated that reducing the 

affinity of ABCG2 for Ko143, a well-known inhibitor, would cause it to be transported 

instead of inhibiting. Data collected was inconclusive with regards to the hypothesis, 

however, it makes way for additional experiments which could further interrogate the 

hypothesis. Distinguishing between substrates and inhibitors is important from an 

academic perspective as well as a clinical one. Not only does it allow better 

characterisation of substrates which allows drugs to be rationally designed to avoid 

transport by ABCG2, but also aids development of selective ABCG2 inhibitors. 

Multidrug resistance is large problem and there are currently no clinically available 

inhibitors of ABCG2. Known inhibitors such as fumitremorgin C, which is extremely 

neurotoxic, and Ko143, which is less toxic, are not suitable in vivo (Toyoda et al., 

2019). If this hypothesis is further validated, ABCG2 inhibitors could be designed by 

altering non-toxic, selective substrates to have a stronger binding affinity to the 

transporter. This provides a more guided approach to inhibitor design but also 

increases the chances of it being clinically suitable since the structurally related 

substrates have already been approved. 

4.1 Summary of results 

On a whole, the Ko143-X-BY630 and Ko143-Cy5 flow cytometry data show similar 

patterns which could be rationalised by the cavity 1 mutants having lower fluorescent 

Ko143 derivative binding than the WT-ABCG2. However, the flow cytometry data 

does not rule out the possibility that Ko143-Cy5 or Ko143-X-BY640 are transported 

by the cavity 1 mutants (except Mut1). If ΔMFI was significantly lower than in 
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HEK293T cells, this would indicate that the fluorescence Ko143 derivatives were 

pumped out. Therefore, a reduction in ΔMFI to a value significantly lower than in WT-

ABCG2 expressing cells, as observed with most mutants for Ko143-Cy5, could mean 

that it is transported or that a reduced level of binding to ABCG2 occurs due to the 

mutations made to cavity 1. 

Work by Gose et al. (2020), published after the cavity 1 mutants were designed 

(section 3.2), confirms a reduction in affinity for Ko143 in ABCG2 mutants F439A and 

N436A. An aromatic residue 439 was found to be essential for substrate binding and 

transport, with the authors calling the residue an “aromatic clamp” (Gose et al., 

2020). In their work, F439A lost Hoechst 33342 and pheophorbide A transport ability 

in contrast to their F439W and F439Y mutants. In addition, their thermal stabilisation 

assay indicated that F439A-ABCG2 reduced binding of multiple substrates and 

inhibitors including Ko143. Similarly, Manolaridis et al. (2018) found that F439 could 

be essential for substrate transport because the two F439 residues from both 

monomers come together which causes cavity 1 to completely collapse. Mutating to 

a smaller residue could in fact stop substrates being forced out of cavity 1. So, even 

if it is possible to make Ko143 into a substrate by reducing affinity, this mutant might 

not be able to transport it regardless. This confirms that in the case of F439A, the 

most likely scenario is that the fluorescent Ko143 derivatives do not bind ABCG2. 

This explains why cellular accumulation of Ko143-Cy5 and Ko143-X-BY630 was 

comparable to untransfected HEK293T cells.  

Mutation of N436A by Gose et al. (2020) showed less impact than the F439A 

mutation in their thermostability assay. This indicated that this residue contributed 

less to the binding of Ko143, which might be comparable to the lower fluorescence 
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for Ko143-X-BY630 in the N436A mutant compared to the F439A mutant in the flow 

cytometry assay (Figure 3.13), although this difference did not reach significance. 

Therefore, Ko143-X-BY630 could be transported by N436A-ABCG2. Transport by 

this mutant is possible for some substrates: Hoechst 33342 and pheophorbide A 

transport activity of N436A is similar to WT but E1S transport is strongly reduced 

(Gose et al., 2020, Manolaridis et al., 2018). This supports the idea that difference in 

fluorescent Ko143 accumulation is due to differences in binding affinity as opposed to 

increased transport. Gose et al. (2020) suggest that N436A binding selectively to 

ligands could be due to altered cholesterol modulation of activity or a conformational 

change which may affect interactions with certain ligands. This could explain why the 

difference in fluorescence between N436A and F439A is not seen for Ko143-Cy5 but 

is seen for Ko143-X-BY630. 

When treated with Ko143-Cy5, S440W expressing cells showed significantly lower 

fluorescence than WT-ABCG2 expressing cells and a more comparable fluorescence 

to untransfected HEK293T cells. In contrast, when treated with Ko143-X-BY630, 

S440W expressing cells had significantly higher fluorescence than HEK293T cells. 

This is the exception to the pattern, which on whole matches that of the Ko143-Cy5 

flow cytometry data. It is unlikely that there are differences in affinity between the two 

fluorescent Ko143 derivatives that are not noticed in the other mutants. This is 

because residue 440 is located in cavity 1 and the structures of Ko143 and both 

fluorescent Ko143 derivatives would be the same in this location. However, the 

variability of the data for this particular mutant is high and it is not significantly 

different from WT-ABCG2 expressing cells, as are the other mutants. The E211Q 

mutant is not expected to transport anything since the catalytic residue required for 

ATP hydrolysis has been mutated (Haider et al., 2015, Hollenstein et al., 2007). Its 
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lower ΔMFI may be partially explained by this mutant consistently expressing at a 

lower level than WT, meaning fewer ABCG2 protein molecules for Ko143-Cy5 to bind 

to (Cox, 2019, Kapoor, 2020). 

There was a discrepancy between the monolayer transport assay (section 3.6.1) and 

the flow cytometry transport assay (section 3.6.2) with regards to Ko143-Cy5 

fluorescence. The monolayer transport assay had no significant accumulation of 

Ko143-Cy5 which suggests that Ko143-Cy5 did not enter the cell. This result alone 

could be rationalised by the altered hydrophobicity of Ko143 by adding the 

fluorescent tag (Table 3.3). However, Ko143-Cy5 did successfully enter the cell in 

flow cytometry, suggesting cell permeability is merely reduced and not abolished. 

The assays differ in terms of Ko143-Cy5 concentration (2 μM in flow cytometry vs 1 

μM in monolayer transport assay), total duration of Ko143-Cy5 incubation and 

subsequent washes and second incubations. Additionally, flow cytometry is more 

sensitive than the monolayer transport assay so it is a better technique for 

distinguishing low fluorescence levels from the background compared with the 

microplate reader (Basiji et al., 2007). This could mean that for both techniques, 

Ko143-Cy5 entered the cells equally well but flow cytometry was just more capable of 

measuring it. Future work will include performing a Hoechst 33342 transport assay 

with flow cytometry to assess the inhibitory capability of Ko143-Cy5 and is explained 

in more detail in section 4.3. 

4.2 Alternate ideas and support of the hypothesis 

As mentioned in section 3.1, E1S transport was increased when T435 was mutated to 

alanine, which suggests that there in an inverse relationship between affinity and 

maximal transport (Manolaridis et al., 2018). The same mutant was made in this 
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project but instead of E1S transport, the potential transport of fluorescent Ko143 

derivatives was studied. The accumulation of Ko143-X-BY630 and Ko143-Cy5 in 

T435A expressing cells in the flow cytometry experiment (Figure 3.13) was lower 

than in WT-ABCG2 expressing cells and as stated before, this suggests less binding 

to ABCG2 but does not rule out the possibility of transport. Since T435A has already 

shown to increase transport of a substrate, it seems plausible that transport of Ko143 

is also possible, especially in conjunction with the flow cytometry data. Gose et al. 

(2020) found that there was a strong correlation between binding affinity of kinase 

inhibitors for ABCG2 and their IC50 for transport inhibition. This supports the idea that 

there is a spectrum of inhibitors to substrates, where the higher the affinity of a 

compound, the more inhibitor character it has (Table 3.1). This suggests that perhaps 

Ko143 can be turned into a substrate and that the lower fluorescence of the cavity 1 

mutants (except Mut1) compared with the WT-ABCG2 expressing cells in Figure 3.13 

could be due to transport of the fluorescent Ko143 derivatives.  

However, there are some other ideas. Kapoor et al. (2018) hypothesised that 

substrates enter cavity 1 via a surface “access site”, binding to which triggers 

conformational changes required for ATP binding and hydrolysis. In contrast, they 

propose that inhibitors bind directly to cavity 1 so ATP hydrolysis does not occur and 

the inhibitor is not transported. If this is true then reducing the affinity for an inhibitor 

will only reduce IC50 (Gose et al., 2020) and won’t make it a substrate. However, with 

the hypothesis in this project, ATP hydrolysis would also be inhibited because without 

the release of the inhibitor from cavity 1, the transport cycle cannot reset. However, 

phenolic indenoindole inhibitors of ABCG2 stimulate ATPase activity while also 

inhibiting mitoxantrone transport (Gozzi et al., 2015). Gozzi et al. (2015) suggest that 

this is due to multiple binding sites but perhaps they enter cavity 1 via the access site 
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which allows the conformational changes to occur. By combining these ideas, it is 

possible that some inhibitors can enter via the access site, activating ATPase activity, 

and others cannot. In relation to the hypothesis in this project, maybe it is only 

possible for an inhibitor to become a substrate (by decreasing affinity), if it enters via 

the access site.  

Cholesterol has a unique relationship between structure and function when it comes 

to binding to and modulating ABCG2. At least 20% (w/w) cholesterol in the cell 

membrane is required for function of ABCG2 (Storch et al., 2007) and Telbisz et al. 

(2013) found that depletion of cholesterol in Madin Darby canine kidney cells inhibits 

pheophorbide A transport. In their cryo-EM structures, Jackson et al. (2018) found 

ordered cholesterol molecules peripheral to ABCG2, which are potentially involved in 

modulation. Two cholesterol molecules are observed in cavity 1 in the cryo-EM 

structures by Taylor et al. (2017) and bind in the same location as MZ29, the Ko143 

derivative (Jackson et al., 2018, Kerr et al., 2021). The outcome of this binding is 

unknown since cholesterol is not considered to be a substrate for transport. Perhaps 

it can act as an inhibitor in cavity 1, preventing the protein from hydrolysing ATP in a 

so-called “futile cycle” and is also an allosteric modulator at the sites on the protein 

periphery (Kerr et al., 2021). 

New cryo-EM structures of ABCG2 show that part of the transmembrane helix 2 

(TM2, residues 434-438) is unwound in the apo-state compared with the 

substrate/inhibitor-bound state where this region is fully helical (Orlando and Liao, 

2020, Jackson et al., 2018, Manolaridis et al., 2018). This unravelling positions some 

residues important for ligand binding (e.g. F439) away from cavity 1 which is sealed 

off in this conformation. Since R482, which is situated in the access site and is known 
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for affecting substrate specificity, interacts with the unravelled portion of TM2, it has 

been suggested that control over the conformation of TM2 could be a factor in 

distinguishing between inhibitors and substrates (Orlando and Liao, 2020, Kapoor et 

al., 2018). 

Egido et al. (2015) found that compounds that activate ABCG2 ATPase activity tend 

to be hydrophilic, non-amphiphilic and highly charged. On the other hand, inhibitors 

tend to be hydrophobic, amphiphilic and moderately charged to non-charged. In 

contrast to the hypothesis suggested in this thesis, they propose that the molecular 

properties relating to amphiphilicity, hydrophobicity, ionisation indicate whether a 

compound is an inhibitor or substrate (Egido et al., 2015). So, you would be able to 

predict where the compound falls on the substrate-inhibitor spectrum based on its 

properties. It would be interesting to examine how these properties correlate to 

affinity for ABCG2. 

4.3 Future experiments 

Some experiments are already underway in the Kerr lab with the aim to provide more 

data to support or disprove the hypothesis. Since flow cytometry had more success 

with Ko143-Cy5 cell permeability than the monolayer transport assay, a Hoechst 

33342 transport assay will be performed using a combined approach of both assays 

(section 2.5.2 and 2.6). This will include WT and untransfected HEK cells treated with 

Hoechst 33342 in absence or presence of Ko143 or Ko143-Cy5 as described in 

Table 2.4 and in Cox et al. (2018) and in Kapoor et al. (2020). If this shows a different 

result to the monolayer transport assay, a dose response curve will be produced with 

flow cytometry by measuring inhibition by Ko143, Ko143-Cy5 and Ko143-X-BY630 at 

different concentrations. This produces a value for half maximal inhibition 
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concentration (IC50). Comparison of this value for the original Ko143 with the 

modified derivatives would indicate whether they were more or less potent inhibitor of 

ABCG2. For the cavity 1 mutants, IC50 of untagged Ko143 will be calculated by 

performing a plate reader accumulation assay as described by Horsey et al. (2020) 

and measuring mitoxantrone transport at a range of Ko143 concentrations. This 

would enable quantification of the impact of any one mutant on the interaction of 

ABCG2 with Ko143. 

As for the flow cytometry transport assay (section 2.5.2 and 3.6.2), perhaps adding 

fluorescent Ko143 in excess will negate the effect of WT having increased binding to 

fluorescent Ko143. The overall fluorescence of the cell would be higher in non-

transporting cell lines so the impact of the “stickiness” of fluorescent Ko143 

derivatives to ABCG2 would be decreased. This could potentially decrease the 

difference between HEK293T cells and the WT-ABCG2 expressing cells and could 

help clarify whether the decrease in fluorescence from mutant to WT-ABCG2 

expressing cells is due to transport of fluorescent Ko143 derivatives or not.  

Another method distinguishing between transport and decreased binding would be to 

prepare inside-out vesicles from cells overexpressing WT and mutant ABCG2 

(Karlsson et al., 2010, Toyoda et al., 2019). ABCG2 would then pump substrates and 

potentially the fluorescent Ko143 derivatives into the vesicle and the fluorescence of 

these vesicles could be measured to find the accumulation of the fluorescent Ko143 

derivatives inside the vesicle. The benefit of this approach is that the cell permeability 

of Ko143-Cy5 would not be an issue. Ko143-Cy5 in the media would be able interact 

with cavity 1 of ABCG2 without having to cross the cell membrane first. Also, the 

medium can be treated with reagents for ATP regeneration or with a non-
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hydrolysable ATP analogue AMP-PNP, which allows the measurement of ATP-

dependent transport (Karlsson et al., 2010, Toyoda et al., 2019). The difference 

between vesicle fluorescence in the presence of ATP or AMP-PNP would show how 

much the fluorescent Ko143 derivatives are transported. 

In an ideal world, affinity measurements of the mutant ABCG2 proteins for Ko143 

could be compared to WT and a range of substrates, perhaps by measuring thermal 

shift of ligand binding as described by Gose et al. (2020). This is because there will 

be a minimum affinity threshold at which transport is no longer possible. It could be 

possible that the mutations made in this project are too strong and resultant affinity of 

the Ko143 derivatives is too low to bind, let alone be transported. So even if it is 

possible to make a substrate out of an inhibitor, we do not know if these experimental 

mutations are too extreme. 

Ko143-X-BY630 inhibits Hoechst 33342 transport to almost the same extent as 

unmodified Ko143 which means in terms of affinity Ko143-X-BY630 is a good model 

for how Ko143 would behave in the same circumstances. Yet, the fluorescent tag 

might still have an impact on transport, potentially being too large or even restricting 

the conformational changes required for transport. Ko143-Cy5 behaves similarly to 

Ko143-X-BY630 in the flow cytometry but even after the inhibitory capability is 

confirmed the tag could prevent transport. Perhaps some inhibitors can never be 

substrates for the same reason and the hypothesis in this project might only apply to 

some inhibitors. Radiolabelling Ko143 with a radioactive atom, such as 3H, would be 

a suitable method to overcome the effect of the large fluorescent tags.  

If the hypothesis in this project is ever supported by more conclusive data, the next 

step would be to make chemical modifications to existing substrates to increase 
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affinity for ABCG2. Not only does this have the potential for creating non-toxic 

inhibitors from substrates such as E1S, but perhaps altering drugs that are affected 

by multidrug resistance (e.g. mitoxantrone or methotrexate, (Doyle and Ross, 2003)) 

might also prevent their own transport. 

4.4 Conclusion 

Without further experiments there is currently ambiguity about whether the mutants 

made lead to Ko143 transport. However, it is likely that lower fluorescence of the 

cavity 1 mutants is due to reduced binding to the fluorescent Ko143 derivatives or 

perhaps a small level of transport. Data from Gose et al. (2020) compliments the 

hypothesis in this thesis, showing more potent inhibitors have a higher affinity than 

weaker inhibitors. Mutations to introduce a smaller reduction in affinity or measuring 

the affinity for Ko143 in the current mutants will help clarify if the experimental 

mutations are too strong to transport. It is potentially possible for inhibitors to become 

substrates but other factors, such as access site binding, could also influence 

substrate/inhibitor quality which prevents some inhibitors being substrates.  
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Chapter 6 Appendix 

6.1 Sequencing chromatograms 

Portions of the sequencing chromatograms of the remaining mutant ABCG2 

constructs (N436A is shown in Figure 3.6) are shown below. The SeqF2 primer was 

used for T435A, F439A, S440W, A397S/V401A (Mut1) and L405A (Mut2). The 

Seq482 primer was used for M549E, L539A (Mut1) and I543A/V546A (Mut2). The 

red box highlights the desired mutation and no other mutations were found. 
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6.2 Sequence alignments 

The sequence alignments of the WT construct (Query) aligned with the sequence 

determined by Sanger sequencing (Sbjct) is shown below for each primer.  

6.2.1 T435A 
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6.2.2 N436A/S622S 

T7 promoter (F) 
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6.2.3 F439A 

T7 promoter (F) 
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6.2.4 S440W 

T7 promoter (F) 
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6.2.5 M549E 

T7 promoter (F) 
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6.2.6 A397S/V401A/L539A – Mut1 

T7 promoter (F) 
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6.2.7 L405A/I543A/V546A – Mut2 

T7 promoter (F) 
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